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ABSTRACT

Bose, Sweta. Ph.D., Environmental Sciences Ph.D. Program, Wright State University,
2008. Dissolution kinetics of sulfate minerals: Linking environmental significance of
mineral-water interface reactions to the retention of aqueous CrO42- in natural waters
Dissolution as a function of solution undersaturation (Ω) was studied on both celestite
and barite (001) by the aid of atomic force microscopy (AFM). Both the sulfates
exhibited non-linear reactivity trends showing increasing dissolution rates with
decreasing Ω. In the case of celestite, the dissolution rate non linearity was attributed to a
changeover in reaction mechanism. At higher undersaturations below a critical saturation
state of Ωcrit ~ 0.1, dissolution occurred both along the existing step edges and also via
the creation of new steps. At conditions near saturation states dissolution took place
exclusively by removal of ions from existing step edges. On the other hand dissolution
rate nonlinearity in the case of barite was controlled by changes in step speeds with Ω.
Similar dissolution rate behavior also evident on powdered barite in mixed flow reactor
system establishes the dissolution rate non-linearity in terms Ω to be the characteristic
property of barite. Celestite (001) dissolution was also studied in terms of

[ Sr 2+ ]
[ SO42− ]

by AFM to examine the mineral’s reactivity under nonstoichiometric solute conditions.
At Ω = 0.63, reaction kinetics were investigated by measuring 〈010〉 and 〈120〉 step
speeds. Application of a theoretical model, describing step speed as a function of
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[ Sr 2+ ]
[ SO42− ]

[ Sr 2+ ]
indicated that both step speeds reached maxima at
= 1. This implied that the rate
[ SO42− ]
of SO42- ion attachment was equal to that of the Sr2+ ion to the kink sites. Laboratory
experiments on barite dissolution in the presence of CrO42-(aq) exhibited substantial
lowering in dissolution rates due to adsorption of CrO42- onto surface reactive sites. AFM
studies on barite (001) at 70°C showed dissolution rates ~ 2.3 times lower at 1000 µM
CrO42- and MFR experiments on powdered barite at 25°C quantified ~ 2 times lowering
in dissolution rates at 5 µM CrO42-. Transport of aqueous CrO42- (4mM) through
powdered barite in one dimensional plug flow reactor showed delayed chromate peak
arrival times compared to that of a tracer (Na+) at all flow rates. The efficiency of barite
being able to retain aqueous chromate appears to be a possible means to clean chromate
contaminated waste waters.
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1. Introduction

1.1 Sulfates in the environment

Sulfur, being the sixth most abundant element in seawater and fifteenth most
abundant element in the continental crust (Hawthorne et al., 2000), is an important
member in the global geochemical cycle. Geochemical transformations of sulfur in
sediments impact processes like early sedimentary diagenesis, conditions for mineral
deposition and the global cycling of sulfur (Goldhaber, 2004). Of the many forms of
sulfur (viz. elemental sulfur (S0), sulfide (S2-), sulfate (SO42-), sulfur dioxide (SO2),
sulfate is quite abundant and dominant under oxidizing conditions in the lithosphere and
hydrosphere. Being ubiquitous in nature, SO42- serves as an important inorganic ligand
(Myneni, 2000) to a number of metal ions and precipitates to form sparingly soluble
minerals with several divalent cations. The distribution and environmental significance of
the sulfate minerals are discussed in the following paragraphs.
In mine drainage environments, metal sulfates function in the “short-term” (Chou
and Seal, 2004) entrapment of metals. Common occurrences are the hydrated sulfate salts
of ferrous iron, copper, zinc, while sulfate salts of cadmium are comparatively
uncommon (Chou and Seal, 2004). In natural oxygenated environments, PbS weathers to
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form anglesite (PbSO4). This mineral is sparingly soluble in mildly acidic solutions.
Among the secondary minerals associated with acid mine drainage, gypsum
(CaSO4.2H2O) and jarosite [KFe3(SO4)2(OH)6] are most abundant (Blowes et al, 2004).
Other than trapping metals as sulfates in acidic environments, sulfate minerals are
also present in other spheres of the environment. Minerals like barite (BaSO4), celestite
(SrSO4), gypsum (CaSO4.2H2O), and anhydrite (CaSO4) usually occur as marine
sedimentary deposits. Barite deposits mainly from mixing of Ba2+- rich fluid leached
from silicate minerals and seawater containing SO42-. Due to the occurrence of barite in a
diverse range of sedimentary geological environments from early Archean (~ 3.5 Ga) to
the present, the presence of this mineral greatly contributes in the reconstruction of
hydrogeologic history of the Earth’s crust. Since barite also gets precipitated in
biologically mediated environments, pelagic barite in sediments is often used to
determine paleoproductivity (Hanor, 2000) in the particular environmental setting. Barite
also serves to determine

87

Sr/86Sr (important for geological age determination) in

seawater, particularly when carbonates are absent (Kastner, 1999). Other than these
properties of barite, it forms scales, precipitating within production tubing in oil
industries and has become a major concern in the oil producing facilities (Dunn et al,
1999; Tomson et al, 2002). Celestite in the environment mostly occurs by the reaction of
Sr containing fluids with minerals like gypsum (CaSO4.2H2O) and anhydrite (CaSO4).
Celestite’s presence in geological environments is also important to the aspect that
complete solid solution occurs between celestite and barite. This special mineralogic
property of SrSO4 - BaSO4 system thus indicates existence of minerals in natural systems
that represent not only stoichiometric end members (viz. SrSO4 or BaSO4) but also
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compositions in between (Hanor, 2000). Sometimes groundwater aquifers may also
contain sulfate minerals like barite, gypsum or celestite. Thus along with the other
minerals, the presence of sulfates and their dissolution and precipitation impacts
groundwater chemistry (Chapelle, 2004). Here lies the importance of the sulfate minerals
whose presence or absence reflects different physical and chemical conditions of the past
and the present Earth. Hence, it is important to study and understand the conditions
influencing growth/dissolution reactions at the interface of sulfate minerals and water
thus affecting water chemistry, transport and concentrations of free ions in water or
sequestration of trace contaminants.

1.2 Mineral reaction kinetics

Mineral reaction kinetics influence the effects of processes like acid mine
drainage, transport and immobilization of contaminants, soil fertility, and ore deposition
(Brantley, 2004). So, understanding the fundamental controls and behavior of the sulfate
minerals in the environment from a kinetic approach is important. Laboratory
experiments mimicking natural physicochemical (temperature, pH, solution composition,
ionic strength, redox) or biological (bacterial population) conditions may help to
understand the factors governing the kinetics of sulfate precipitation and dissolution
reactions.
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1.3 Reaction kinetics obtained from laboratory and field studies

Notably, considerable discrepancies are obtained between the kinetic information
on mineral reactions from laboratory and field studies. From earlier studies as Brantley
(2004) reviewed, the laboratory obtained dissolution rates are generally observed to be
higher than the natural reaction rates. In a study by Brantley et al. (1993), natural mineral
etching rates were studied on feldspar and hornblende grains from a loess soil, based on
surface etch pit size distributions. Natural etching rates for hornblende (6 – 9 x 10-15 mol
m-2 s-1) and potassium feldspar (2 x 10-15 mol m-2 s-1) as estimated were lower than the
laboratory dissolution rates of hornblende (1820 x 10-15 mol m-2 s-1) and potassium
feldspar (173 x 10-15 mol m-2 s-1) respectively (Brantley, 1993). Experiments on mineral
weathering rates have shown differences of one or two orders of magnitude between the
laboratory and field rates (Schooner, 1990) as obtained from another study by SwobodaColberg and Drever (1993). This study showed differences in mineral dissolution rates
from identical mineral material in field and laboratory experiments. A field study (site of
Bear Brook Watershed, Maine) involved experiments in small field-plots to determine the
weathering rates of minerals in a natural unaltered soil profile from the composition of
the soil solution. Mineral materials in the laboratory experiments were obtained from soil
samples at the same field site. Field dissolution rates were estimated to be smaller than
those from laboratory experiments by a factor of ~ 200-400 (Swoboda-Colberg and
Drever, 1993). One obvious reason behind the rate discrepancy is the infeasibility of
recreating identical field influences under laboratory experimental conditions. As
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summarized by Brantley (2004), the discrepancy can be attributed to variable factors like
inhibitor concentrations and chemical affinity, reactive surface areas, wetted surface
areas, temperature of reaction, biological factors as well as experimental errors (Brantley,
2004). Besides all these, another important variable that should also be factored in is the
duration of reaction. In laboratory and field studies (Colman, 1981; Locke, 1986; White
and Brantley, 2003) it has been noted that dissolution rates decrease with time. This
implies that mineral reactions probably take a significantly longer duration to reach a
steady state. Thus it may not be very easy to attain steady state kinetic information from
laboratory experiments meant to simulate natural conditions that occur on geological time
scales (White and Brantley, 2003).

1.4 Reaction kinetics obtained by various experimental approaches

Uncertainties in reaction kinetics are not only associated with laboratory and field
determined rates but also when reaction rates are estimated from different experimental
approaches. Microscopic studies on mineral surfaces can be done by scanning probe
microscopy (SPM) techniques using instruments like atomic force microscopy (AFM) or
scanning tunneling microscopy (STM). Atomic scale resolution (nm to Å) can be
obtained with these instruments and experiments on mineral surfaces can be performed in
real time in varied environments like air, vacuum or fluid. Imaging of mineral surfaces by
the scanning probe technique records the changes in surface morphology, contributing to
the understanding of mineral reactivity (Hellman et al, 1992). This facility can control
variable parameters (like solution composition, temperature, pH, mineral substrate for

5

reaction etc.) but at one time can record the real time reaction only at a particular
crystallographic mineral face.
Scale up methods include experiments in systems like batch reactors, mixed flow
reactors and plug flow reactors. These approaches provide bulk mineral reaction rates
over time from powdered mineral materials. Of these, the batch reactors and mixed flow
reactors are stirred tank reactors while the plug flow reactors are packed column/bed
reactors through which fluid is pumped without stirring. Due to stirring and continuous
abrasion, new surface areas are produced in the stirred reactors which influence the
reaction rates. In plug flow reactors chemical reactions complex with mass transport in
the control of reactions kinetics. Thus each experimental technique is associated with its
inherent property and problem which thereby control the mineral reaction rates measured
in different reactor systems, e.g. as mentioned by Brantley (2004), in a previous study by
van

Grinsen

and

van

Riemsdijk

(1992)

it

was

observed

that

the

soil

weathering/dissolution rates from stirred batch reactors were higher than those measured
from column reactor experiments.

1.5 Importance of laboratory experiments

Although uncertainties are associated with reaction kinetics obtained from
different laboratory methods and though it is truly difficult to predict actual mineral
reaction rates in natural environments, laboratory experiments are the only means to
isolate single variables to be able to understand real world mineral reactions. Thus
different laboratory techniques enable us to understand the mineral reaction processes,
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reaction controlling parameters and associated kinetics from atomic scale to macroscopic
scale. Information thus obtained will allow us to understand reaction mechanisms and
kinetics and lay a foundation to work on kinetic models that will be applicable to natural
systems.

1.6 Previous studies on barite (BaSO4) and celestite (SrSO4)

The present study builds upon the discussion in the foregoing paragraphs by
performing dissolution experiments on two sulfate minerals (celestite (SrSO4) and barite
(BaSO4)). Prior studies have been done on barite and celestite both at microscopic and
macroscopic scales addressing growth and dissolution processes under different
conditions. Dissolution of acantharian cysts (barium-enriched celestite- Ba/Sr mole
fraction ~ 0.003) in small volumes of seawater (20–100 µL) for 21-158 days in sealed
Teflon tubes yielded barite particles in four of the seventeen experiments. Observations
thus suggested that acantharian dissolution can lead to subsequent supersaturation and
barite precipitation in microenvironments. This study established the importance of
acantharian celestite as a potential source of strontium–rich barite in sea water
environments (Bernstein and Byrne, 2004). Microscopic studies on barite include
investigations under varied experimental conditions. AFM studies on barite (001)
dissolution demonstrated the significant influence of BaSO4 surface structure on the
geometry of etch pits in 0.1 M HCl at room temperature. Dissolved surfaces when
observed by ex-situ noncontact AFM showed shallow triangular etch pits formed due to
layer-by-layer dissolution process. Presence of a 2-fold screw axis parallel to the c axis
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resulted in formations of alternating etch pits, oppositely pointing each other (Wang et al,
1999). Another ex-situ AFM study on barite (001) dissolution exhibited similar etch pit
shape characteristic of the barite structure. Surface imaging of barite in air and aqueous
solution using AFM exhibited the arrangement of ions on the {001} cleavage plane and
fourier transform maps of the nanoscale AFM images yielded crystallographic data
regarding lattice parameters of a = 5.54 ± 0.04 Å and b = 8.84 ± 0.03 Å. Images from
dissolution in water showed monosteps of one unit cell height along c-direction as well as
polysteps and etch pits corresponding to 2-fold screw axis (Wang et al, 1999, Wang et al,
2000). Exposure of cleaved barite surface to air resulted in changes compared to that on
freshly cleaved surface when observed under a light microscope. Formation of a layer
due to dissolution and reprecipitation of the surface atoms when exposed to atmosphere
indicated that freshly cleaved barite surfaces are needed for experimental purposes
(Bokern et al, 2002). Since barite scale formation in oil production tubing is a major
concern in the oil industries, in a number of studies the inhibition to barite growth or
enhancement of barite dissolution in presence of foreign inorganic ions and organic
molecules (Wang et al, 2000, Xiao et al, 2001; Pina et al, 2004; Sanchez-Pastor et al,
2006) had been investigated. Enhancement of dissolution rate and deepening of etch pits
were observed by addition of organic aqueous solutions of CDTA (trans-1,2cyclohexylenediaminetetraacetic acid)

and EDTA (ethylenediaminetetraacetic acid)

compared to that in pure water. Monolayer step edges along the 〈120〉 and 〈010〉
directions mostly bounded the etch pits within the half-unit cells formed in CDTA
solution while those in EDTA solution were bounded along the 〈110〉 and 〈010〉
directions. This specialty in etch pit formation was attributed to the specific interactions
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between the crystal surface and organic molecules. The investigation concluded that
CDTA molecules bind to one Ba2+ cation along the 〈120〉 and/or 〈010〉 crystallographic
directions while EDTA molecules bind to two Ba2+ cations along the 〈110〉 direction on
(001) barite surface (Wang et al, 2000). PPCA (phosphino-poly-carboxylic acid) as a
growth inhibitor on barite was studied as a function of temperature, ionic strength pH and
Ca concentration (Xiao et al, 2001). The logarithm induction period for PPCA on barite
nucleation was found to be proportional to the inhibitor concentration. It was found that
protonated PPCA fraction had a poor inhibition effect on barite nucleation compared to
the deprotonated PPCA fraction. Presence of Ca2+ in solution increased the PPCA
inhibitory effect on barite nucleation forming Ca-PPCA complexes and decreasing the
amount of protonated PPCA. Effect of temperature did not however have a pronounced
effect of PPCA inhibition on barite growth (Xiao et al, 2001). AFM study on barite (001)
growth in presence of phosphonates HEDP (hydroxyethylene diphosphonic acid, NTMP
(nitro trimethyl phosphonic acid), MDP (methylene diphosphonic acid), AMP (amino
methylene phosphonic acid), PBTC (sodium phosphonobutan tricarboxylic acid) showed
inhibition to barite growth in a Langmuir type adsorption isotherm behavior.
Monomolecular step velocities as measured in presence of different concentrations (lower
than 10 µmol/L) of the inhibitors established a direct observation of the molecular
demonstration of Langmuir model for adsorption. The study showed inhibitory effects on
barite growth in the order of PBTC>NTMP>MDP>HEDP>>AMP (Pina et al, 2004). The
effect of different concentrations of CO32- on the growth of barite {001} and {210}
surfaces at moderately supersaturated solutions was studied using insitu AFM (SanchezPastor et al, 2006). Under moderately supersaturated conditions with respect to barite, the
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presence of carbonate inhibited the barite growth process. Growth inhibition was
pronounced after the spontaneous spreading of the first monolayer followed by the
decrease in second monolayer growth rate. This decrease in the second monolayer growth
rate increased with the carbonate concentration in solution. Formation of second
monolayer on {001} barite face completely stopped at carbonate concentrations higher
than 0.2 mM while that on {210} faces was observed at carbonate concentrations higher
than 0.05 mM. Recovery experiments done on inhibited surfaces or ‘dead zones’
(Sanchez-Pastor et al, 2006) showed that {001} faces needed subsequent increase in
supersaturation with respect to barite in carbonate free solutions. However growth was
almost spontaneously resumed on {210} faces in contact with a carbonate free solution at
similar barium and sulfate concentrations as present in carbonate containing solution
causing growth inhibition previously. The study demonstrated the differences in
reactivities of the barite faces (viz. {001} and {210}) as well as established a different
growth behavior of the first and subsequent monolayers in presence of impurity ions. The
formation of a first monolayer during the inhibition of crystal growth thus effectively
controlled the incorporation of inhibitor/impurity ions (Sanchez-Pastor et al, 2006).
Effects of PSMA (poly styrene-alt-maleic acid) additive was studied on the morphology
of barite particles precipitating from a solution containing sodium sulfate and barium
chloride in the absence and presence of PSMA (Yu et al, 2005). At similar pH and molar
ratio of barium and sulfate in solution, increasing PSMA concentration led to controlled
precipitation of barite particles as well as change in morphology from flower like
aggregates toward well defined spherical shape. Crystal growth inhibition and
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contribution to the morphological changes were attributed to the interaction between
carboxylic acid groups of PSMA and barite crystal planes (Yu et al, 2005).
A number of studies also emphasized understanding the effects of organic
chelating molecules promoting barite dissolution. Finely ground barite powders (90-150
µm size) were dissolved in stirred batch reactors to study the effect of chemical dissolvers
on dissolution. Chelating agents used for the dissolution experiments were DTPA
(diethylenetrinitrilopentaacetic acid) and EDTA (ethylenedinitriloetraacetic acid).
Dissolution kinetics in presence of DTPA and EDTA followed first order kinetics where
surface reaction was considered as the rate controlling step in the reaction process.
Dissolution kinetics was obtained from the aqueous system while surface phenomena viz.
morphology and surface pitting were examined by scanning electron microscopy (Dunn
and Yen, 1999b). Another dissolution study on synthetic barite in the presence of DTPA
in batch reactors showed from SEM images that initial dissolution started at the two
lowest energy surfaces- (001) and (210). The etch pits formed were elongated along one
direction on the (210) surfaces while occurred as cavities on the (001) surfaces (Dunn and
Yen, 1999a). AFM study on barite dissolution by the chelating agent DTPA showed
formation of etch pits on barite (001) by removal of layers half-unit cell thick. Etch pits
bounded by {110} and {100} faces occurred in two different orientations related by the 2
fold axis parallel to c crystallographic axis. The etch pit geometry indicated bonding of
the active end of a DTPA molecule to Ba2+ ions along [110] directions. Barite dissolution
was more pronounced at preferentially lower concentrations of DTPA (0.05 M) compared
to higher concentrations (0.5 M) when surface passivation inhibited the reaction process
(Putnis et al, 1995). Barite (001) dissolution kinetics was studied by a hydrothermal
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atomic force microscopy in deionized water at elevated temperatures as high up to 150°C
under constant flow conditions. Step retreat rates indicated greater rates of movement
along 〈120〉 directions compared to that along 〈010〉 directions. The barite dissolution
activation energy of 25 kJ/mol together with step speeds and pit nucleation rates in terms
of temperature and surface morphology concluded a two dimensional birth and spread
model for the dissolution process (Higgins et al, 1998a). In other AFM studies, Risthaus
et al. (2001) showed that increases in solution ionic strength increased the step speeds
during dissolution of both barite and celestite. This was ascribed to a decrease in
interfacial tension between the mineral and experimental solution with an increase in
background electrolyte concentration. Also for both barite and celestite, surface features
like two dimensional nuclei, growth spirals (during growth) and etch pits (during
dissolution) formed in pure BaSO4/SrSO4 solutions became significantly distinct being
more elongated in highly saline solutions (Risthaus et al. 2001). AFM study on barite
growth at a constant supersaturation as a function of different ion activity ratio (r =
aBa2+/aSO42-) showed a dependence of step spreading velocity on solution stoichiometry.
This was explained by considering non-equivalent attachment frequency factors for
cation and anion. As the cation/anion activity ratio increased there was a change in
growth process from preexisting steps to two dimensional island spreading. Maximum
barite growth and nucleation rates were observed at conditions when solution
stoichiometry did not match to that of the crystal lattice but occurred at solution
conditions when [Ba2+] was in excess to that of [SO42-] (Kowacz et al, 2007).
A number of previous studies have largely concentrated on understanding the
solid solution-aqueous solution (SS-AS) processes and properties between minerals like
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celestite (SrSO4) or hashemite (BaCrO4) and barite (BaSO4). Prieto et al (2000)
undertook a computational approach and showed that for the (Ba, Sr)SO4 - H2O system,
there exists a non-ideal and non-regular solid solution. The endmembers are largely
different in their solubility products which lead to a strong preferential partitioning of less
soluble end member barite to the solid phase and a Ba-poor aqueous composition at the
peritectic point. AFM study in solutions moderate to highly supersaturated (above a
critical supersaturation βcelestite = a(Sr2+) . a(SO42-) / Ksp,cel = 10) with respect to celestite
showed promotion of two dimensional celestite nucleation on barite (001) surfaces
occurring preferentially on cleavage steps along [100], [110] and [120] crystallographic
directions rather than on terraces. Though subsequent two dimensional nuclei led to
epitaxial overgrowth of celestite layers on barite, however molecular observations
indicated a control of the underlying substrate on initiation of the growth layers. Strong
dependence of celestite nucleation on solution supersaturation influenced the control on
epitaxial overgrowth (Sanchez-Pastor et al, 2005). Nanoscale study by AFM has also
shown that crystallization of BaSO4-SrSO4 solid solutions is largely influenced by the
composition of aqueous solution (i.e. solution activities of Ba2+ - Sr2+ -SO42-) and growth
mechanism. At dilute conditions of solution composition with respect to compositions of
the (Ba,Sr)SO4 solid solutions, growth occurs by advancement of cleavage steps and
spiral growth while at conditions of increasing supersaturation nucleation proceeds
mainly by two dimensional spreading (Pina et al, 2000; Pina et al, 2004). A study showed
that BaxSr1-xSO4 crystals could be grown in a silica hydrogel diffusing-reacting system
resulting from SrCl2/BaCl2 and Na2SO4 reactants. The morphology of the crystals largely
depended on the solid solution composition and a changeover from needle like to tabular
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crystal habit was observed as moving gradually from strontium to barium enriched
members. This established the evolution of morphological {001} barite form and a
progressive absence of {011} form which in pure barite is mostly not found. Strong effect
of compositional changes on the BaxSr1-xSO4 crystal morphology was also prominent by
the internal zoning of the crystals formed. This experiment established the fact that
presence of constituent ions in different ratios control the crystal morphology to a great
extent as often observed in natural systems (Sanchez-Pastor, 2006). Oscillatory zoning in
(Ba,Sr)SO4 solid solutions was studied in laboratory controlled systems where baritecelestite were formed in aqueous solutions by counter diffusion in a gel column
connecting two reservoirs of BaCl2+SrCl2 and Na2SO4 respectively (Heureux and
Jamtveit, 2002; Katsev and Heureux, 2002). Studies indicated that oscillatory zoning was
a function of the disturbances that occurred in diffusion concentration pattern in solutions
due to growing size of the crystals. Large salt concentrations in solution together with
fast crystal growth rate accounted for the disturbances in diffusion profiles. Thus
fluctuations in the crystal growing environment significantly factorized to the oscillatory
zoning formation (Heureux and Jamtveit, 2002; Katsev and Heureux, 2002). A complete
solid solution series occurs between barite and hashemite and to study the crystallization
behavior of the solid solution series crystals were grown by counter diffusion of BaCl2
and Na2SO4+Na2CrO4 through a silica hydrogel column. Experiments done at different
SO42-/CrO42- ratios showed change in lattice parameters (by X- ray powder diffraction)
was linear as based on the SO42-/CrO42- ratios. Although at equilibrium a moderate
preferential partitioning of BaSO4 towards the solid phase is observed in the Ba(SO4 ,
CrO4) –H2O system, experiments in this study done at high supersaturation showed that
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the substituting ions incorporated into the solid in a stoichiometric proportion to that in
the aqueous phase resulting in the solids being enriched in the more soluble endmember
BaCrO4 (Fernandez-Gonzalez et al, 1999). An interesting observation was noted from the
nanoscale (AFM) in-situ observation of hashemite growth on barite (001) surfaces.
Epitaxial hashemite growth was heterogeneous, characterized by a complete and easy
first epitaxial layer of hashemite on barite. Growth of the first layer was followed by
subsequent two dimensional nucleation but at lower rate which was due to development
of significant intrinsic stress on these layers. This made the initially flat surface growing
rough with time (Shtukenberg et al, 2005). In a study by Becker et al (2006)
thermodynamic properties of the BaSO4 - BaCrO4 showed that the solid solution between
the end members was close to ideal solid solution. Growth experiments of chromate rich
hashemite (BaCrO4) on barite studied by atomic force microscopy (AFM) indicated
lesser growth anisotropy of hashemite compared to barite. Also, hashemite exhibited
spatially more extended spiral growth which on the other hand was self-inhibited in
barite. Difference in growth anisotropy by molecular simulations was explained by the
lower step energy difference between bounding steps of hashemite growth islands
compared to that on barite. As confirmed by both microscopic and macroscopic (batch
and flow through) experiments, growth rates of hashemite were higher than that of barite
(Becker et al, 2006). Experiments with barite and quartz in silica hydrogel for diffusion
of chromate ions at pH 5.5, showed sorption of CrO42- ions much effective on barite bed
compared to that on quartz. The study showed long term Cr(VI) uptake by epitaxial
overgrowth of Ba(CrO4, SO4) on barite and the particular experiments in this study had
crystals of composition around BaCr0.89S0.11O4. This indicates significant removal of
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pollutant Cr (VI) is possible from aqueous phase if diffusion occurs through barite bed
(Prieto et al, 2002).
Dove and Czank (1995) studied the dissolution kinetics of celestite, barite
(BaSO4) and anglesite (PbSO4) powders over a wide range of pH and temperatures. The
general trend of dissolution rates from those experiments followed SrSO4 > PbSO4 >
BaSO4. It was concluded that the mineral with the divalent atom having the lowest
solvation affinity had the lowest dissolution rates. An AFM study on celestite (001)
dissolution in presence of carbonate bearing aqueous solution showed a remarkable
enhancement in dissolution rates with the initial concentration of carbonate in the
experimental solution. The solution-solid interaction was marked by a coupled
dissolution-growth reaction observed at nanoscale which initiated after the alteration and
dissolution of the underlying substrate. Dissolution of the underlying celestite substrate
resulted in subsequent crystallization of a new phase SrCO3 which formed fairly
homogeneous epitaxial layers on celestite (001). The experimental observation indicated
that once strontianite islands were initiated, celestite dissolution rates increased
considerably. Coupling reaction established the fact that celestite crystals could be
replaced by that of SrCO3 composition due to interaction of celestite substrate with
solutions containing carbonate composition under conditions of room temperature
(Sanchez-Pastor et al, 2007). Kinetic exchange between CO32- and SO42- was also
investigated by Suarez-Orduna et al (2007) in natural celestite crystals under alkaline
hydrothermal conditions. Under this condition in a Na2CO3 solution the exchange
between CO32- and SO42- was complete at 523 K at a CO32- / SO42- molar ratio of 10 after
reacting for 96 hours. The reaction mechanism from the experiment determined that
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interaction between celestite surface and carbonate solution led to the formation of
porous strontium carbonate layer on celestite surface.

1.7 General objective of the present study

The primary objective of the present study on sulfates is to understand if
laboratory experiments can predict how the interactions between liquid water and solid
rocks and minerals, the essential constituents of our ecosystem evolve with time in the
face of environmental changes. Experiments were primarily designed by isolating single
variables thus intending to perceive real world reactions that in turn help to support the
balance of the ecosystem. Mineral dissolution rates from laboratory experiments are
mostly not comparable with those in natural systems (Brantley, 2004). However,
extrapolating dissolution rates from one scale to another in laboratory experiments often
allows a quantitative assessment of factors like duration of reaction together with
complexity of natural systems (e.g. dramatic changes in fluid chemistry) affecting
mineral dissolution reactions. Investigation in the current work intended to extend a
series of designed experiments from AFM to powder suspensions to incorporate
parameterized models to be able to bridge scales of observation from molecular to
laboratory bench scale experiments.
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1.8 Outline of the thesis

As previously mentioned the present study on sulfates is on two different sulfate
minerals which were chosen to examine particular experimental objectives in turn.
Experiments on barite dissolution were performed with a specific aim to explore the
possible application of this sulfate in remediating aqueous hexavalent chromium - Cr
(VI), (i.e. CrO42-). Thus solid solution partitioning of chromate (CrO42-) ions into barite
(BaSO4) minerals is of particular interest from environmental assessment of aqueous
contaminant Cr (VI) immobilization (Fernandez-Gonzalez et al, 1999; Prieto et al, 2002).
The toxic Cr (VI) as an environmental pollutant necessitates remediation if detected at
sufficiently high concentrations. US EPA has set a standard value of 0.1 mg/L total
chromium as the maximum contaminant level (MCL) for chromium in drinking water
(US EPA, 1995). The immobilization of Cr (VI) prior to clean-up often involves
reduction to Cr (III) by various methods. Cr (VI) reduction may occur by MnO2 in
presence of reduced MnO (manganese oxide) and organic acids from soil organic matter.
The presence of natural reductants like soluble ferrous Iron –Fe (II), reduced sulfur
compounds, soil organic matter (fulvic acid, humic acid, humin) can serve as reducing
agents for Cr (VI) in many suboxic and anoxic natural systems (US EPA, 2000;
Wittbrodt and Palmer, 1996; Hua and Deng, 2003; Stewart et al, 2003). Also, microbial
respiration of Fe (III) and SO42- generates Fe (II) and S2-, thus indirectly affecting Cr (VI)
in the Cr cycling. When dissimilatory metal-reducing bacteria (DMRB) population
reduces Fe (III) to Fe (II), the microbially produced Fe (II) in turn chemically reacts with
Cr (VI) to form insoluble Cr (III) (Nyman et al, 2002). Oliver at al. (2003) found that
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native microbial population can also reduce hexavalent chromium under vadose zone
conditions. However, alternative immobilization methods such as the co-precipitation /
sorption of chromate with / onto barium sulfate may be effective in some circumstances.
The physicochemical interactions that may lead to these alternative immobilization
methods will be discussed in Chapter 5.
Among the isostructural sulfates viz. celestite, barite and anglesite, barite was
specially chosen to test the objective because of an interesting crystallographic property
that is shared by BaSO4 - BaCrO4 phases. Although BaSO4, SrSO4 and PbSO4 are
isostructural (orthorhombic system); after ionic substitution, only BaCrO4 (hashemite –
cation-anion radii ratio: 0.84) in nature shares the same orthorhombic structure as BaSO4
(cation-anion radii ratio: 0.96). Other metal chromates like SrCrO4 or PbCrO4 can also be
precipitated but the significantly smaller cation-anion ratio in SrCrO4 (cation-anion radii
ratio: 0.75) and PbCrO4 (cation-anion radii ratio: 0.77) deforms the orthorhombic SrSO4
(cation-anion radii ratio: 0.85) and PbSO4 (cation-anion radii ratio: 0.89) structure to
monoclinic system (Bostrom et al, 1971). Another important characteristic of the BaSO4 BaCrO4 system is the occurrence of a complete extensive solid solution between the two
isomorphous end members whereas large miscibility gaps exist between SrSO4 - SrCrO4
and PbSO4 - PbCrO4 (Bostrom et al, 1971). The large size of Ba2+ probably stabilizes the
barite structure in both the end members and is also the contributing factor to the almost
ideal solid solution between BaSO4 - BaCrO4 (Bostrom et al, 1971). The solid solution
occurrence is both environmentally and geochemically significant. It can lead to
formation of solid phases of compositions in between that of the barite-hashemite end
members thus allowing incorporation of CrO42- into solid phases of compositions in
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between beside the endmember BaCrO4. Based on the characteristic solid solution
property between BaSO4 - BaCrO4, it was hypothesized that coprecipitation of aqueous
CrO42- on surfaces of barite would lead to potential entrapment of the contaminant ion
(CrO42-) in the aqueous system. To address the hypothesis, laboratory study comprised
experiments on barite dissolution in the presence of aqueous chromate at different scales.
The primary objectives of these experiments involved understanding the influence of
CrO42- sorption on the dissolution of barite as well as quantification of the mineral
dissolution kinetics under different experimental conditions. The ultimate objective was
to evaluate the potential of barite dissolution in CrO42- immobilization. Experiments were
done by different approaches because each method offers something unique to the
understanding of a problem as a whole. The initial dissolution experiments on barite in
presence of aqueous CrO42- were designed to be done using AFM to understand the
mineral-contaminant reaction at molecular level. AFM experiments on mineral surfaces
in real time allowed measuring dissolution rates as well as to observe surface topography
changes. To be able to link the experimental studies to the potential field application,
experiments from initial AFM understanding were extended to macroscopic scale with
bulk barite powder in mixed-flow reactors and plug-flow reactor systems.
AFM is a powerful interpretive tool which allows understanding the interaction
behavior at mineral-fluid interface of individual mineral surfaces in reactive solutions at
molecular level. Evolution of mineral surface features (viz. surface topography, surface
steps) in real time records reaction processes and enables rate calculation from relative
rates of surface feature (e.g. surface steps) migration (Dove and Platt, 1996). This helps
to gather insight into the detailed processes occurring at the solid-fluid interface as a
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function of solution chemistry, which otherwise could not get addressed before AFM was
designed. However, certain limitation associated with AFM technique cannot make using
fluid cell AFM the only resource to investigate mineral-water interactions quantitatively
(Dove and Platt, 1996). As summarized by Dove and Platt (1996), the three implied
limitations of AFM are as follows. AFM observation on individual mineral surfaces
cannot directly determine the bulk mineral-water processes of dissolution/precipitation
and thus fail to account for net reactivity contributed by all the mineral surfaces. Being a
microscopic technique, characteristics pertaining to natural mineral surfaces and
compositional heterogeneity may affect observation and imaging. Also since AFM
images are recorded as lines of information by the physical scanning of a lever over a
reacting mineral surface, there are inherent limitations on the reaction rate range to be
observed by the AFM methods. The investigated AFM workable reaction rates obtained
by Dove and Platt (1996) are in the range of 10-10 – 10-6 mol m-2 s-1. AFM experiments by
the aid of AFM fluid cell can imitate those done by batch (rates are measured by
monitoring the solution composition over time) and continuous flow through reactors
(viz. mixed flow or plug flow reactors with constant through-put of reactive solutions)
usually employed for mineral-water interaction studies. But limitations ingrained to the
microscopic process prompt the need to perform experiments in batch or mixed flow
reactors and column reactors to further our understanding to the bulk mineral powder
dissolution process as a whole. However it needs to be remembered that AFM
experiments are absolutely necessary to understand the mineral reaction processes from a
molecular point of view at every condition of solution composition. These experiments
are performed to observe the sequence of reaction steps from transport of reactive

21

solution to the surface, reaction with mineral surfaces to consequential changes occurring
at the molecules or at the very core of the building blocks of the reacting substrate. Thus
AFM experiments are worthwhile and can lay a foundation to design mixed flow or plug
flow reactor experiments to extend laboratory understanding to macroscopic scale.
Mineral powder dissolution experiments in continuously stirred mixed flow
reactors calculate bulk mineral-water reaction rates and describe the net reactivity from
all the mineral surfaces. Due to continuous stirring, the reactive solution gets rapidly
mixed with the contents of the entire reactor and in turn comes to react with the new
mineral surfaces exposed due to continuous abrasion. Due to the flow-through process
and continuous mixing the solution chemistry remains constant during mineral
dissolution (Brantley, 2004) and thus contributes to the determination of mineral
dissolution rates from its own characteristic aspect. Mineral dissolution rates from these
reactors are then calculated from the influent and effluent solution chemistry
measurement. Hence mineral dissolution experiments in mixed flow reactors are done
particularly to understand dissolution process and calculate dissolution rates contributed
as a whole by all the mineral faces in a well mixed system, the reactive solution
composition being maintained throughout.
Bulk mineral powder dissolution experiments in plug flow reactors are done to
simulate field scale transport limited mineral reactions. In this continuous flow through
system the reactive solution gets pumped through the powdered bed of mineral grains
where no mechanical mixing takes place at all. As the fluid passes through the reactive
bed it comes in contact with the substrate, reacts accordingly and brings changes in
chemical conditions along the reactor length. Mineral reaction rates from these reactors
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are calculated from the influent and effluent solution chemistry measurements. Although
plug flow reactors can mimic natural systems more closely than stirred reactors, however,
calculated kinetics from these systems may sometime represent transport controlled
process rather than interface limited reaction process (Brantley, 2004). Thus mineral
dissolution experiments in plug flow reactors are primarily carried out to have a good
grip over the mineral reactive process in a transport controlled system mimicking natural
systems.
Therefore it can be reiterated that while both mixed-flow reactor and plug-flow
reactor experiments on barite dissolution were mainly done to test barite’s potential in
sequestering aqueous CrO42- as well as to determine mineral reaction rates in absence /
presence of aqueous CrO42-, AFM experiments were the only means to understand the
complexity of the process of mineral-fluid interaction in elementary steps or sequential
steps that lead to the final composite reaction outcome.
Besides studying dissolution of barite with a specific aim in exploring its ability
in remediation of an environmental problem, it is also important to learn impacts of
experimental variables on the dissolution of minerals in the barite family from a
fundamental point of view. The study mineral chosen to perform the fundamental
observations is celestite. Isostructural minerals celestite and barite although having
similar crystal structure and bulk stoichiometry, the former is highly reactive at room
temperature compared to the latter (Dove and Czank, 1995). Celestite, like barite, has an
orthorhombic form with space group Pnma and shares the barite structure comprised of
isolated SO4 groups (approximately regular tetrahedral) with similar (S-O) bond lengths
(Dove and Czank, 1995). Solid solution formation between end members BaSO4 and
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SrSO4 (Prieto and Fernandez-Gonzalez, 2000; Zhu, 2004; Monnin and Civideni, 2006) is
an interesting mineralogic property which largely contributes to the ion-partitioning in
the mineral-water interactions (Prieto and Fernandez-Gonzalez, 2000) and often controls
the saturation state of the world’s ocean with respect to (Ba,Sr) SO4 instead of pure barite
(Rushdi et al, 2000; Monnin and Cividini, 2006). Geologic and mineralogic importance
of celestite makes it a good choice to study fundamental reaction controls on sulfate
dissolution and thus surface properties from celestite water interfaces can predict mineral
reactivity trend of the isostructural mineral barite. Since AFM is an exceptionally useful
tool to explore impacts of a number of experimental parameters on mineral reactions, a
significant part of this research focused mainly on performing dissolution experiments on
celestite by AFM only. Particular emphasis in this part was given to study the behavior of
the dissolution reaction processes at molecular levels in order to improve understanding
of the complexity of reaction behaviors as a function of solution chemistry. The choice of
celestite over barite for AFM studies is also specifically important because of the
differences in their reactivities. As studied by Dove and Platt (1996), for very slow or
rapid reaction processes, surface properties cannot get recorded between AFM scans. For
very slow surface processes topographic differences cannot be seen within a realistic time
frame of an experiment while for very rapid reactions interpretation of images becomes
rather impossible due to larger step (a topographic surface feature) density and migration
rate compared to the image area of each scan (Dove and Platt, 1996). From this study
initial dissolution rates of barite and celestite were determined by AFM. Barite (001)
surfaces, not being very reactive at room temperature, exhibited an average initial
dissolution rate of 10-7.4 mol m-2 s-1 at 30°C. The evolution of barite surfaces in sequential
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AFM images showed that reactivity of barite was very close to the lower boundary of
AFM observable rates. On the other hand dissolution of celestite (001) surface showed
an initial reaction rate of 10-7.2 mol m-2 s-1 at 30°C. Scanning of the reactive celestite
surface demonstrated significant surfacial changes well within the range to be observed
and compared between each scan (Dove and Platt, 1996). Reactivity and surfacial
evolution of celestite being more compatible to the AFM operational range at room
temperature made it an easy choice over barite to perform dissolution experiments and
understand experimental controls on sulfate reactivity (of barite family) from a
fundamental aspect. With that direct perception, dissolution experiments were designed
on celestite to measure reaction rates at varying degrees of solution undersaturation
(Chapter 3) as well as at conditions of solute non-stoichiometry at a near saturation state
with respect to celestite (Chapter 4). Natural aqueous systems are often subjected to
dramatic changes in solution conditions (viz. pH, temperature, ion activities, saturation
states with respect to particular minerals) due to storm water effects or human impacts.
Therefore to be able to predict the reaction kinetics at the mineral water interfaces in the
natural systems, it is necessary to understand the impacts of fluid chemistry on the
mineral reactivities from simple laboratory experiments. Thus the hypothesis behind the
celestite dissolution experiments was that changes in fluid chemistry would have direct
impact on mineral dissolution kinetics and observations from the experiments could give
us a better perception about the reaction processes in natural environments.
Another important objective on celestite dissolution was to test the notion of long
relaxation times both in terms of kinetics and surficial topography during mineral
dissolution in solutions near equilibrium conditions. Here “relaxation” of a reacting
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system refers to its approach to a steady-state condition when there is an abrupt change in
the reacting conditions. To learn about the impacts of changes in fluid chemistry it is
important to understand and account for relaxation times that stem from dissolution and
growth processes in terms of both reaction kinetics and changes in surface topography
from laboratory mineral reaction experiments. Thus relaxation studies from laboratory
experiments include understanding the processes related to time-dependent changes in the
surface morphology and dissolution kinetics following an abrupt change in solution
chemistry. Though bulk powder contributes reactivities from a combination of all the
faces of the respective mineral, yet these experiments on celestite were specifically
designed to be conducted using fluid cell AFM as a means to simultaneously measure
dissolution rates and observe surface microtopography changes in real time.
For all the experimental techniques (from AFM to plug-flow reactors), it is
possible to observe temporal evolution of mineral dissolution and thereby calculate the
reaction kinetics. The combination of micro and macroscale approaches could lead to the
development of important quantitative models which can assist in describing the
interrelated processes involved in mineral dissolution reactions. The results of the present
study provide a thorough understanding of fundamental aspects of sulfate dissolution
under variable experimental conditions with potential for application to pilot or fieldscale tests.
The successive chapters of the dissertation are presented as follows:
Chapter 2 describes the analytical techniques used and experimental approaches
undertaken.
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Chapter 3 represents dissolution studies on celestite under conditions of solution
saturation states.
Chapter 4 represents celestite dissolution at varied non stoichiometric solute
conditions at a near equilibrium solution state with respect to celestite.
Chapter 5 presents data on the impact of aqueous CrO42- on barite dissolution
kinetics and the potential of the barite-water interface to retain aqueous CrO42-.
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2. Experimental Section

2.1 Instrumentation & Analytical Techniques

The instrument used to conduct experiments was Atomic Force Microscopy
(AFM) while the bench scale reactor systems (apparatus) used for experiments include
mixed-flow reactors (MFR) and a plug-flow reactor (PFR) system. For analyses of
elements in liquid samples, the instruments used include Ion Chromatography (IC),
Visible Spectrophotometry and Atomic Emission Spectrometry (AES).

2.2 Atomic Force Microscopy (AFM)

Atomic force microscopy, also referred to as scanning probe microscopy has a
very high resolution to the order of fractions of a nanometer. This technique was used to
study dissolution reactions at the mineral water interfaces at molecular level observation.
Figure 2.1 schematically illustrates how the AFM works. AFM consists of a cantilever
with a microscale tip hanging from it. The instrument works by bringing the cantilever tip
(i.e. scanning probe) into proximity of the mineral surface to be studied. As the tip comes
in contact to the surface, due to an ionic repulsive force from the mineral surface to the
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cantilever, there occurs an upward deflection (bending) of the latter. The amount of
bending of the cantilever tip then gets measured by the reflection of a laser spot onto a
split photodiode detector. This amount of deflection in turn is used to calculate the force
which is kept constant during the process of scanning. During scanning the cantilever tip
moves over the mineral surface and vertical movement of the probe thus follows the
surface topography. The tip following the surface topography gets recorded as
topographic images by the AFM.
For the present study two different AFMs were used to conduct the experiments.
One was a commercial AFM (Molecular Imaging Corporation, AZ) and the other was a
custom hydrothermal AFM (HAFM) (Higgins et al., 1998b) built in our laboratory.
Figure 2.2 represents different parts of the Molecular Imaging instrument. This
commercial AFM (Figure 2.2a) was equipped with an open fluid cell (Figure 2.2b) and a
syringe pump system (Kloehn Ltd., Nevada, USA) with two syringes as shown in Figure
2.2c. Of the two syringes, the supply syringe pushed the experimental solution inside the
fluid cell while the withdrawing syringe pumped out the fluid from the fluid cell,
maintaining constant cell volume and flow rate. The Kel-F open fluid cell had a circular
opening at the center and was connected to the inlet and outlet tubing. The volume of the
fluid cell was 1.2 – 1.3 mL. The tubing from the cell was connected to the respective
syringes (50 mL volume) of the syringe pump. In this commercial system cleaved
mineral samples were glued to glass microscope cover slips using cyanoacrylate glue,
which were in turn mounted on the AFM sample holder disc. The fluid cell, with its
tubing connected to the syringe pump, was then placed on the cover slip holding the
crystal in the center.
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Figure 2.1: Schematic illustrating AFM mechanism
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AFM cantilever
Sharp tip
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Figure2.2: Different parts of Molecular Imaging AFM. (a) The instrument as a whole (b)
Open fluid cell of Molecular Imaging AFM – (1) Kel-F fluid cell with a circular opening
at the center connected to the inlet and outlet tubing (2) Inlet tubing (3) Outlet tubing (4)
Sample glued to glass microscope cover slips using cyanoacrylate glue (c) Two syringes
of the syringe pump system of Molecular Imaging AFM – S – Supply syringe
W – Withdrawing syringe

(a)
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The circular opening of the fluid cell had an O-ring pressed in between the cell and the
sample-containing cover slip.
Figure 2.3a represents the custom HAFM (Higgins et al, 1998b) which was
equipped with a closed fluid cell. Different parts of the closed fluid cell are shown in
Figure 2.3b (i-ii). As compared to the commercial system, switching to different
experimental solutions was much easier in this system. Tubing containing the
experimental solution was switched in-line with the flow path using an eight-port
chromatography valve (Valco). The fluid cell was designed to produce a vertically
impinging fluid jet onto the sample surface within 2 mm of the AFM probe contact. This
"wall-jet" (Compton et al., 1992) flow configuration produced an effective residence time
at the tip-sample contact of approximately 60 ms, which aided the study of transient
processes. In the HAFM, freshly cleaved celestite or barite samples were mounted on the
sample holder platform and were held in place by a thin gold wire (0.127 mm diameter)
connected to the hinges along sides of the platform.
Both the commercial and the custom AFM were used to conduct dissolution
experiments on celestite at room temperature ~ 25°C. However, since barite is not very
reactive at room temperature, to be able to get some initial information from this
molecular level investigation, experiments on barite in absence/presence of aqueous
CrO42- were done only by the custom hydrothermal AFM (HAFM) at a relatively high
temperature of 70°C. Imaging by both microscopes was done in constant contact.
Commercial, uncoated silicon cantilevers (nanosensors, nominal spring constant of 0.2 N
m-1) were used for imaging.
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Figure 2.3 Different parts of Hydrothermal AFM (HAFM) (a) The instrument as a
whole (b) Different parts of the closed fluid cell of HAFM –(i) closed fluid cell cover (1)
orifice designed to produce a vertically impinging fluid jet ("wall-jet" flow configuration
onto the sample surface within 2 mm of the AFM probe contact. (2)AFM cantilever with
sharp probe at the tip (3) sharp probe (ii) Different parts of the sample holder stage of the
closed fluid cell – (1) sample holder stage (2) sample hold by a thin gold wire (3) heating
coil
(a)
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Temporal evolution of surface morphological features on reacting minerals was
observed by imaging the dissolving mineral surfaces as a function of solution chemistry.
Real time insitu AFM images were recorded to describe the reaction processes both
qualitatively and quantitatively. Dissolution kinetics of the dissolving minerals at
different experimental conditions were estimated from the displacements of surface
features like step edges and opening of dissolution etch pits in successive image frames.
Figure 2.4a represents AFM image of a dissolving celestite surface in a solution of high
undersaturated condition (Ω = 0.01). In this figure the step edge marked with a square
box shows displacement in it’s position in Figure 2.4b. The new position of the displaced
step edge is also marked with a square box in Figure 2.4b where dashed line represents
the old position of the same step as in Figure 2.4a. The displacement of this particular
step edge was 98.5 nm in 83.9 s. Step displacements (i.e. step speeds) were determined
from the change in position of particular steps with time in successive image frames.
Thus step speed from Figure 2.4a-b was ~1.2 x 10-7 cm s-1. Dissolution rate, rd (mol cm2 -1

s ) is calculated using the following formula:
rd = ρsvshsVm-1

(1)

where ρs is step density (steps cm-1), vs is step speed (cm s-1), hs is step height (cm step-1)
and Vm (cm3 mole-1) is the molar volume. From the AFM images in Figures 2.4a and
2.4b, the step density was measured as the number of steps per unit length and the step
speed was measured on bilayer steps. The step density from these images was ~ 0.016
steps x 10-7 cm. The height of the bilayer step used for celestite was 6.87 x 10-8 cm step-1.
Calculation of Vm (46.4 cm3 mole-1) was based on molar mass and density. The density of
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Figure 2.4: AFM image of a dissolving celestite surface (a) Steps at time t =0 with a
particular step edge marked with a square box to show its displacement with time (b)
Steps at time t =83.9s with the particular step edge marked with a square box in 2.4a
showing a displacement from dashed line with a step speed of 1.2 x 10-7 cm s-1

a

b
98.51 nm
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SrSO4 (Klein and Hurlbut, 1999) used in the calculation was 3.96 g cm-3. Thus based on
Eqn. (1), celestite dissolution rate at Ω = 0.01 was calculated ~ 30 x 10-12 mol cm-2 s-1.

2.3 Experiments in bench scale reactor systems

To obtain an insight regarding the interactions between aqueous CrO42- and
BaSO4 surfaces and discern the effects of the foreign ion sorption/precipitation on rates of
mineral dissolution, bench scale macroscopic experiments were also done besides the
AFM experiments. These experiments were performed in mixed flow reactors and a
column/plug flow reactor system. As the chemical interaction occurred within the
reactors, concentrations of constituent ions Ba2+, SO42- and CrO42- were measured
simultaneously both in the influent and effluent solutions. Ion concentrations thus
recorded were used in calculating the mineral reaction rates in absence / presence CrO42in the system and enabled to assess the temporal evolution of reaction as the systems
reached steady state under different experimental conditions.

2.3.1 Mixed Flow Reactors

Experiments were performed at 25 ± 0.3°C (maintained in a water bath) in mixed
flow reactor systems consisting of plastic beakers (Azlon) of 250-mL volume covered
with plastic lids. A schematic of a Mixed Flow Reactor system (Cubillas et al, 2005) is
illustrated in Figure 2.5. Continuous stirring occurred by using floating Teflon covered
magnetic stirrers and Thermolyne Cimarec stirring plates. Reactive experimental
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solutions without/with aqueous chromate were injected into the MFR s using a
Masterflex Cole Parmer cartridge pump with flow rates (Q) (mL s-1) ranging from 0.004
mL s-1 - 0.043 mL s-1. Input CrO42- concentrations (ci) (mol L-1) in the chromate
containing solutions ranged from 2 µM – 0.097 mM. All experiments were started by
placing certain mass (M) (g) ranging from 0.025-2 g of ground barite powder of mass
normalized geometric surface area (A) (m2 g-1) in reactors. The size fraction of barite
particles used in the experiments was in the range of 75-149 µm. Before starting the
experimental solution flow into the reactive system, each reactor was filled with the
experimental solution, sealed and detached from the outside environment during the
entire duration of experiments. Under conditions of continuous flow, outflow solution
came out from the reactor system through 0.2 µm nitrocellulose filter membranes
(Cubillas et al, 2005). The total duration of the experiments ranged from 9 hours to 100
hours. Mechanical steady-state in the system was thought to have executed when the fluid
volume exited through the reactor (VT) was five times the volume of the reactor (Vt = 250
ml) i.e. when τ = 5. τ is given by the expression as follows:

τ = VT /Q

(2)

where Q is the flow rate (mL s-1). Both inlet and outlet solutions were collected and
analyzed for Ba2+, SO42- and CrO42- concentrations. Inlet and outlet concentrations of the
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Figure 2.5: Schematic of a Mixed Flow Reactor System (MFR) showing its different parts (1) Influent beaker (2) Masterflex Cole
Parmer cartridge pump (3) Stirring plate (4) Azlon plastic beaker (250 ml) (5) Plastic lid (6) Magnetic stir bar (7) Inflow port (8)
Outflow port (9) Air exit (10) Effluent beaker,
Flow path tubing
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analytes were denoted by ci and co (mol L-1) respectively. Since these experiments were
performed primarily to understand the effect of aqueous chromate on barite dissolution,
dissolution rates of barite were calculated under different conditions using the following
formula:
rd = Q x (co – ci ) / (M x A)

(3)

2.3.2 Column/Plug Flow Reactor

Experiments were performed at 25 ± 0.3 °C (maintained in a water bath) in a
plastic column reactor system sealed at two ends (with metal fittings) connected with an
inlet and outlet tubing respectively. Introduction and exit of experimental solutions to and
from the column took place through 0.2 µm nitrocellulose filter membranes. A schematic
of the plug flow reactor system is illustrated in Figure 2.6. The column was 13.5 cm long
with an inner diameter of 0.7 cm and connected to a Masterflex Cole Parmer cartridge
pump towards the input end that controlled the flow to the system. The column was filled
by placing a mass (M) of approximately 10.8 g of powdered barite particles ranging in
size from 75-149 µm. Average porosity of the bulk material was 50%. The reactor system
was kept saturated by pumping solutions through the porous material under continuous
flow through conditions. Breakthrough curves were observed in response to different
pulse injections of a tracer solution (0.01 M NaCl solution analyzed for sodium as a
tracer) or chromate containing solutions at different flow rates. Pulse injection of
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Figure 2.6: Schematic of a Plug Flow Reactor System (PFR) showing its different parts (1) Influent beaker (2) Masterflex Cole
Parmer cartridge pump (3) 8 port Valve for solution switching (4) Inflow port (5) Plug Flow Reactor column (6) Outflow port (7)
Effluent beaker
Flow path tubing
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different experimental solutions was done by switching the tubing containing the
experimental solution in-line with the flow path using an eight-port chromatography
valve (Valco). To get insights into the contaminant retention mechanism as well as to
understand the tracer mass recovery, its retention time or dispersion in the reacting
medium, breakthrough curves from tracer and contaminant analyses were compared. To
model the experimental observation in natural systems, the one dimensional advectiondispersion equation that can be (Fetter, 1993) used is as follows:

δC/δt = DL (δ2C/δx2) – vx (δC/δx) – Bd/θ (δC*/δt) + (δC/δt)rxn
(dispersion)

(advection) (sorption)

(4)

(reaction)

In this equation,
C = concentration of the solute species in solution (mg L-1)
t = time (s)
DL = longitudinal dispersion coefficient (m2 s-1)
x = length of the reactor (flow path) (m)
vx = average linear velocity of flowing water (m s-1)
Bd = aquifer bulk density (g mL-1)
θ = porosity of the reactive medium
C* = amount of solute sorbed per unit weight of the solid material (mg kg-1)
rxn = subscript indicates the rate of chemical reaction of the solute other
than sorption.
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2.4 Ion Chromatography (IC) - Ba2+ and SO42- analyses

A Dionex–ICS-1500 Ion Chromatograph, equipped with AS40 Automated
Sampler was used for analyses of Ba2+ and SO42-. Liquid samples from bulk powder
reactions in mixed flow reactors and column reactors were collected and analyzed for
Ba2+ and SO42-concentrations. Samples were filtered through 20-µm filters to minimize
the presence of solid particles if any and loaded in 0.5 mL plastic vials equipped with
filter caps. Chromeleon software was used to process corresponding chromatograms.
Ba2+ and SO42- concentrations were measured by using IonPac CS12A Analytical (4 x
250 mm) column, an IonPac CG12A Guard (4 x 50 mm) guard column and IonPac AS22
Analytical (4 x 250 mm) column, IonPac AG22 Guard (4 x 50 mm) guard column
respectively. Self regenerating suppressors CSRS ULTRA II 4mm and ASRS ULTRA II
4mm were used during Ba2+ and SO42 analysis respectively. The eluents or mobile phases
used for cation and anion analyses were 20 mM methanesulfonic acid and 4.5 mM
sodium carbonate - 1.4 mM sodium bicarbonate solutions respectively. Samples for SO42were analyzed as collected from the reactors whereas those for Ba2+ were acidified (10%
dilution) with 2% HNO3 to avoid any loss of dissolved amount in solutions. The barium
standards were similarly prepared with the 2% HNO3 in 10% volume proportion to avoid
any solution matrix difference between standards and samples during analysis. The ion
chromatography precision is determined to be ± 0.2 % with a detection limit of 0.05 µM
for sulfate and of 0.15 µM for barium. The detection limits were arrived on the basis of
peak heights of the lowest standards analyzed in each case and in terms of the noise
amplitudes of the chromatogram base lines. Chromatograms are presented here for
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barium and sulfate analyses done over a wide range of solution concentrations. The
chromatograms and standard calibration curves represent the concentrations of analytes
in solutions in terms of parts per million (ppm). Figures A.1a (Appendix A) and A.2a
(Appendix A) represent solution blank analyses for barium and sulfate respectively.
Figures A.1b (Appendix A) and A.2b (Appendix A) show chromatograms for the lowest
concentrations of barium and sulfate thus representing the sensitivity of the instrument to
the lower concentrations of these analytes. Figure A.1i (Appendix A) illustrates the
calibration curve for a number of barium standards represented by chromatograms as
shown in Figures A.1b-h (Appendix A). Similarly calibration curve for sulfate is shown
in Figures A.2h (Appendix A) and A.2i (Appendix A) based on the sulfate standard
analyses represented by chromatograms in Figures A.2b –A.2g (Appendix A). Replicate
analyses for both barium and sulfate are shown in Figures A.1i-q (Appendix A) and
A.2k-q (Appendix A) respectively. In each chromatogram the barium and sulfate peaks
are blown up and shown separately.

2.5 Visible Spectrophotometry

A Vernier spectrometer (V-SPEC) by Ocean Optics was used to determine the
amount of hexavalent chromium concentrations in influent and effluent solutions from
the mixed flow and plug flow reactor experiments. V-SPEC functions over a range of
wavelengths from 380-950 nm and is directly connected to a computer with a standard
USB cable. The instrument is equipped with a combination of a spectrometer and a light
source and cuvette holder. Samples were placed in plastic cuvettes for analysis. Logger
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Pro 3.4.6 software was used for data acquisition and analysis. A colorimetric method
(EPA Method 7196A-5, 1992) was used for determination of hexavalent chromium
concentration in influent and effluent solutions from the powder experiments. The
methodology involved reaction of sample/standard solution with diphenylcarbazide in
acid solution (by H2SO4 addition) to develop a characteristic red violet coloration. The
sensitivity of the colored solution was then measured for photometric absorbance at 542
nm to record the chromate concentration. The instrument is sensitive to concentrations in
the range of 0.5 µM - 0.05 mM and has a measurement precision of ± 3.4 %. Figures
A.3a (Appendix A) and A.3b (Appendix A) illustrate absorbance vs wavelength curves
for chromate solution blank and solution with chromate concentration of 0.03 mM. No
absorbance signal at 542.0 nm in solution blank indicates instrument sensitivity to the
presence of aqueous hexavalent chromium. Calibration curves for hexavalent chromium
analysis for different ranges of standard solution concentrations are represented in
Figures A.3c (Appendix A) and A.3d (Appendix A) respectively. The absorbance vs
wavelength curves as well as the calibration curves are in the appendix.

2.6 Atomic Emission Spectrometer

Varian AA 240FS Fast Sequential Atomic Absorption spectrometer was used for
analysis of impurity ions calcium (Ca), magnesium (Mg), sodium (Na), potassium (K),
manganese (Mn), lead (Pb), iron (Fe), strontium (Sr) (in barite) and barium (Ba) (in
celestite) to determine the compositions of the natural mineral specimens (viz. celestite
and barite) used for experiments. For solution sample preparation ~ 100 mg (weighed
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precisely) of each ground mineral was dissolved in ~ 5 mL HNO3 separately. These
solutions were then diluted to 100 mL (in volumetric flasks) with deionized water. Then
determination of impurity elements in powdered celestite and barite were determined
from these diluted sample solutions.
Dissolved samples were analyzed by the flame emission method following the
parameters (viz. flame type (nitrous oxide/acetylene or air/acetylene), choice of
wavelength, slit width) as recommended for each element. Table 2.1 provides the
methods used for each element. Concentrations of the analytes were determined from the
intensity values representing the radiant energy from flame emission for each element.
Excitation of the samples by aspiration involved sucking the sample solution into the
flame and causing appreciable emission signal for each analyte. The detection limits for
the elements are given in Table 2.2. The detection limit of each analyte was determined
from the intensity signal in blank solutions with reference to the intensity signal from a
standard solution of known concentration. The instrument precision was ±1.2 %. Analyte
concentration in solution as obtained from the instrument analysis was in terms of parts
per million (ppm). Calibration curves (intensity vs. concentration) are represented for
some of the elements (e.g. Ba, Fe, Mn, Sr) in Figures A.4a-d (Appendix A).
Calibration curves were prepared by running several standard solutions of known
concentrations for each element through the instruments assigned for them. Similar
solution matrices and working conditions were maintained during the preparation and
analysis of the standards and the unknowns.
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Table 2.1: Methods used for analysis of elements by Atomic Emission Spectrometry

Element

Flame

Wavelength
(nm)

Slit Width
(nm)

Standard
Range (mM)

Calcium (Ca)

Nitrous
Oxide/Acetylene

422.7

0.2

0.01-0.05

Sodium (Na)

Air/Acetylene

589.0

0.2

0.02-0.09

Potassium (K)

Air/Acetylene

766.5

0.2

0.01-0.05

403.1

0.2

0.009-0.04

460.7

0.2

0.006-0.02

405.8

0.2

0.005-0.01

372.0

0.2

0.009-0.09

285.2

0.2

0.02-.08

553.6

0.2

0.004-0.04

Manganese (Mn)
Strontium (Sr)
Lead (Pb)

Nitrous
Oxide/Acetylene
Nitrous
Oxide/Acetylene
Nitrous
Oxide/Acetylene

Iron (Fe)

Air/Acetylene

Magnesium
(Mg)

Nitrous
Oxide/Acetylene
Nitrous
Oxide/Acetylene

Barium (Ba)

48

Table 2.2: Detection limits for different elements analysed by the Atomic Emission
Spectrometry
Element Detection Limit
(mM)
Calcium (Ca)
0.0007
Sodium (Na)

0.003

Potassium (K)

0.0001

Manganese
(Mn)
Strontium (Sr)

0.02
0.006

Lead (Pb)

0.001

Iron (Fe)

0.002

Magnesium
(Mg)
Barium (Ba)

0.002
0.0001
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2.7 Experimental Solutions

Experimental solutions were prepared from high purity reagents of NaCl, Na2SO4
and SrCl2·6H2O using deionized water (resistivity ≥ 18MΩ –cm) for celestite dissolution
experiments. For barite dissolution experiments in absence or presence of aqueous CrO42experimental solutions were prepared from high purity reagents of NaCl, Na2SO4,
BaCl2·2H2O and Na2CrO4·4H2O in deionized water. To determine the activities of ions
in the prepared stock solutions (from the reagents as mentioned) an ion selective
electrode method was used. Sodium and chloride ion selective electrodes were used to
determine the concentrations of the corresponding ions in the Na2SO4, SrCl2·6H2O,
BaCl2·2H2O and Na2CrO4·4H2O stock solutions from which SO42-, Sr2+, Ba2+ and CrO42concentrations were calculated. In the preparation of SrSO4 experimental solutions of
different saturation states or solute ratio, background electrolyte solution (NaCl) was
added to adjust the ionic strength to 0.1 M. The pH of all the solutions was adjusted to
approximately 5.0 using dilute HCl. For preparation of BaSO4 and BaCrO4 solutions of
different saturation states and solutions containing different molar concentrations of
aqueous CrO42-, NaCl was also added as a background electrolyte to adjust the ionic
strength to 0.01M. The pH of all the solutions was adjusted to ~ 8.4 using dilute NaOH.
The saturation states of each solution were calculated by using Visual MINTEQ
(ver.2.23) software. The solution speciation calculations were charge balanced on Cl- to
obtain pH = 5.0 (for celestite experiments) and on Na+ to obtain pH = 8.4 (for barite
experiments). The solute activity coefficients were calculated based on the Extended
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Debye-Hückel equation. Thermodynamic equilibrium constants used in the solution
speciation calculations in each case will be shown in chapters 3 and 5.
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3. Dissolution kinetics and topographic relaxation on celestite (001) surfaces: The
effect of solution saturation state studied using Atomic Force Microscopy
Most parts of this chapter have been previously published as cited: Bose S., Hu X.
and Higgins S.R. (2008) Dissolution kinetics and topographic relaxation on celestite
(001) surfaces: the effect of solution saturation state studied using Atomic Force
Microscopy. Geochim Cosmochim Acta 72, 759-770.
Reprinted as by the permission from Geochimica et Cosmochimica Acta.
Copyright 2007 Elsevier Ltd, USA.
Abstract
Dissolution of celestite (001) was studied by atomic force microscopy as a
function of solution undersaturation. In solutions near saturation with respect to celestite,
dissolution of the mineral took place exclusively by removal of ions from existing step
edges. The onset of etch pit nucleation was observed at a critical saturation state of Ωcrit
~ 0.1 (= [Sr2+][SO42-]/Ksp). Below this saturation state, dissolution took place both at
existing step edges and via the creation of new steps surrounding the etch pits. The
dissolution rates of celestite exhibited a non-linear dependence on saturation state. Basic
crystal dissolution/growth models were inadequate to describe the non-linearity, but a
model that incorporates a critical undersaturation provided an improved fit to data
collected at high undersaturation. A simple model for dissolution at low undersaturation
also fit the rate data well, but in light of the conditions necessary to produce new step
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edges, the rate coefficient in this model is poorly constrained due to the effects of sample
surface history. Consideration of the process of topographic relaxation, consisting of
changes in the surface microtopography (i.e., step density) resulting from changes in
solution conditions, led to predicted relaxation times on the order of days for the
celestite-water interface.

3.1 INTRODUCTION

Mineral dissolution processes have significant geochemical, environmental and
biological impacts; and thus exert essential controls over geochemical cycles. Of all
minerals, reactions at the interfaces of naturally occurring sulfate minerals and water
control important aspects of the sulfur geochemical cycle. Geochemical transformations
of sulfur in sediments impact processes like early sedimentary diagenesis, conditions for
mineral deposition and the global cycling of sulfur (Goldhaber, 2004). Celestite (SrSO4),
a naturally occurring sulfate mineral, is usually found in marine sedimentary deposits and
sometimes in groundwater aquifers (Hanor, 2000; Chapelle, 2004). Celestite is highly
reactive at room temperature compared to the isostructural mineral barite (e.g., Dove and
Czank, 1995) and dissolution and precipitation of celestite likely plays an important role
in determining the Sr composition in natural waters.
Understanding the kinetics of dissolution of minerals at different experimental
conditions permits a description of mineral-water interactions in natural systems, for
example, in ground and surface water, or in soils and sediments. The general form of the
rate equation used in most mineral dissolution studies is (Lasaga, 1981):
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Rate = k (1-Ω) n

(1)

where rate is typically in units of mol cm-2 s-1 and Ω in Eqn. 1 represents the solution
saturation state:
Ω=

[ Sr 2 + ][ SO42 −
K sp

(2)

In the above expressions, k is the rate coefficient with units depending on the reaction
order, n, a constant which may relate to the reaction mechanism if appropriate constraints
are placed on the system of interest (Teng et al., 2000). [Sr2+] and [SO42-] are the
activities of Sr2+ and SO42- ions respectively and Ksp represents the solubility product of
the celestite. In Eqn. 1, the kinetic behavior of a mineral reaction with n = 1 describes
either adsorption-controlled or transport-controlled growth and dissolution (Nielsen,
1983). With n = 2, the rate equation may be indicative of spiral growth and dissolution at
screw dislocations (Brantley, 2004). From a fundamental mechanistic perspective,
simple integer power laws such as Eqn. 1 provide a test for experimental consistency
with certain proposed mechanisms (Nancollas et al., 1973), however, n has often been
used as an adjustable parameter for empirical fitting of data (Reddy and Nancollas, 1973;
Reddy, 1977; House, 1981; Blum and Lasaga, 1987; Shiraki and Brantley, 1995).
To model trends in dissolution rate as a function of saturation state in which Eqn.
1 models do not apply, Lasaga and Lüttge (2001) proposed a different rate equation on
the basis of dissolution of steps originating from dissolution etch pits. The model
features non-linear variation in the reaction rate with chemical potential and is expressed
as:
⎛ B ⎞
Rate = A (1 − Ω)tanh ⎜
⎟ f (Ω)
⎝ f (Ω)⎠
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(3)

⎛ Ω − Ω⎞
f (Ω) = ⎜ crit
⎟
⎝ 1− Ω ⎠

(4)

Three parameters, A, B and Ω crit describe the relationship between dissolution rate and Ω
where Ωcrit is the critical saturation state below which etch pit formation at linear defects
is spontaneous, A is the dissolution rate far from equilibrium, and B is related to the
surface diffusion distance, xs, expressed in molecular or lattice units (Lasaga and Lüttge,
2001).
B=

1
2xs

(5)

Dissolution generally occurs on mineral surfaces by the nucleation of dissolution
etch pits and by the retreat of surface steps. Previous studies show that formation of etch
pits promoting mineral dissolution occurs on the exposed mineral surfaces at discrete
active sites (Helgeson et al., 1984; Brantley et al., 1986). The “active sites” include
cleavage fractures, dislocations and grain boundaries (Helgeson et al., 1984). Studies of
celestite dissolution have characterized both the mineral’s microscopic and macroscopic
dissolution characteristics. The rate of celestite (001) dissolution was measured by AFM
(6.3 x 10-12 mol cm-2 s-1) in deionized water at ~ 30°C (Dove and Platt, 1996). Related
studies on sulfate powder specimens by Dove and Czank (1995) described the dissolution
kinetics of celestite, barite (BaSO4) and anglesite (PbSO4) over a wide range of pH and
temperatures. Because AFM-based rates are typically sampled from surface areas of
order 100 µm2 whereas powder-based rates result from areas often exceeding 100 cm2,
and mineral surfaces may possess a wide range of heterogeneities such as microfacets,
grain boundaries, dislocations and microfractures (Schott et al., 1989), comparison of
rates in the two methods is not immediately valid.
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Mineral surface behavior and reaction kinetics are influenced by solution
saturation state, affecting both nucleation of etch pits and dissolution at step edges. A
recent study on calcite demonstrated the effect of saturation state on the generation of
etch pits (Teng, 2004), however, prior studies on celestite dissolution have not explored
this effect. In the calcite study, in nearly saturated solutions (Ω > 0.54), no etch pit
formation was observed and dissolution proceeded at the existing steps. Further from
equilibrium (Ω ≅ 0.50), etch pits were generated at presumed linear defect sites. A
dramatic rise in etch pit density was noted at Ω ≅ 0.007 where random two-dimensional
etch pit nucleation was observed. The findings presented above in light of the theoretical
dissolution kinetics models indicate a need to examine effects on dissolution kinetics of
other minerals to eventually formulate more generally applicable rate equations
describing dissolution in natural systems (Teng, 2004).
Here, the investigations are aimed at addressing the basic hypothesis that changes
in solution saturation states impact the dissolution kinetics of the reacting mineral and
that dissolution models based on step edge dissolution do not adequately predict behavior
under conditions where defect-driven etch pit nucleation is significant. To test the
applicability of the models discussed above in the dissolution of celestite, a series of
experiments were conducted using fluid cell AFM as a means to simultaneously measure
dissolution rates and observe the surface microtopography at varying degrees of solution
undersaturation.
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3.2 EXPERIMENTAL SECTION

The celestite (SrSO4, space group: Pnma; a =8.360 Å, b = 5.352 Å, c = 6.858 Å
and Z = 4 (e.g., Seo and Shindo, 1994)) mineral specimens used in the experiments were
colorless and clear. Fresh (001) surfaces of celestite were obtained by cleaving the
crystals with the aid of a knife-edge along the natural cleavage planes. The dimensions
of the mineral specimens prepared by this method were approximately 0.3 cm x 0.5 cm x
0.1 cm. Table 3.1 shows impurity composition of the celestite sample used in dissolution
experiments.
The instruments used to conduct the experiments were a commercial AFM
(Molecular Imaging Corporation, AZ) and a custom AFM (Higgins et al., 1998b) built in
our laboratory. The Molecular Imaging instrument was equipped with an open fluid cell
and a syringe pump system (Kloehn Ltd., Nevada, USA). The Kel-F fluid cell had a
circular opening at the center and was connected to inlet and outlet tubing. The volume
of the fluid cell was 1.2 – 1.3 ml. The tubing from the cell was connected to the
respective syringes (50 ml volume).
The custom AFM (Higgins et al, 1998b) on the other hand, had a closed fluid cell.
As compared to the commercial system, switching to different experimental solutions
was much easier in this system. Tubing containing the experimental solution was
switched in-line with the flow path using an eight-port chromatography valve (Valco).
The fluid cell was designed to produce a vertically impinging fluid jet onto the sample
surface within 2 mm of the AFM probe contact. This "wall-jet" (Compton et al., 1992)
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flow configuration produced an effective residence time at the tip-sample contact of
approximately 60 ms, which aided the study of transient processes.
Experimental solutions were prepared from high purity reagents of NaCl, Na2SO4 and
SrCl2·6H2O using deionized water (resistivity ≥ 18MΩ –cm). To determine the activities
of ions in the prepared stock solutions (from the reagents as mentioned) an ion selective
electrode method was used. Sodium and chloride ion selective electrodes were used to
determine the concentrations of the corresponding ions in the Na2SO4 and SrCl2·6H2O
stock solutions from which SO42- and Sr2+ concentrations were calculated. In the
preparation of SrSO4 solutions of different saturation states, background electrolyte
solution (NaCl) was added to adjust the ionic strength to 0.1 M. pH of all the solutions
was adjusted to approximately 5.0 using dilute HCl. The saturation states of each solution
were calculated by using Visual MINTEQ (ver.2.23) software. The solution speciation
calculations were charge balanced on Cl- to obtain pH = 5.0. The solute activity
coefficients were calculated based on the Extended Debye-Hückel equation. Table 3.2
shows the thermodynamic equilibrium constants used in the solution speciation
calculations. As represented by a previous study, dissolution rates of isostructural sulfates
(viz. celestite, anglesite and barite) were nearly independent of pH at the range of 5 to 9
(Dove and Czank, 1995). Thus to explore the reaction kinetics of celestite at this rate –
pH independent range, the present study on celestite dissolution particularly focused on
understanding the mineral reactivity at the lower end of the pH independent region.
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Table 3.1: Impurity mineralogical composition of celestite used in dissolution experiments (Concentration of elements in ppm)

Sample
Celestite

Ba
6633±351.2

Mg
21±4.1

Fe
3150±31.6

Pb
6467±378.6
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Mn
977±11.6

Ca
320±3.5

K
0

Na
0

Table 3.2
Equilibrium constants used in solution speciation calculation
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All experiments were carried out at room temperature (approximately 25°C).
Imaging by both microscopes was done in constant contact. Commercial, uncoated
silicon cantilevers (Nanosensors, nominal spring constant of 0.2 N/m) were used for
imaging. All experiments began with the most undersaturated solution (Ω = 0.01) to
condition the surface by establishing characteristic dissolution features before switching
to other experimental solutions.
Step displacements were determined from the change in position of particular
steps with time in successive image frames. Dissolution rate, rd (mol cm-2 s-1) was
calculated using the following formula:
rd = ρsvshsVm-1

(6)

where ρs is step density (steps cm-1), vs is step speed (cm s-1), hs is step height (cm step-1)
and Vm (cm3 mole-1) is the molar volume of celestite. In this work, the step density was
measured as number of steps per unit length and the step speeds were measured on
bilayer steps. The height of the bilayer step (6.87 x 10-8 cm step-1) was used in Eqn. (6).
Calculation of Vm (46.4 cm3 mole-1) was based on molar mass and density. The density of
SrSO4 (Klein and Hurlbut, 1999) used in the calculation was 3.96 g cm-3.

3.3 RESULTS

The dissolution rate of celestite (001) as a function of undersaturation (Ω = 0.010.63) was determined using AFM by observing the displacement of step positions as
functions of time in combination with the step density. By varying the flow rates during
experiments, the effect of mass transport on dissolution rates was determined. Figure 3.1
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shows a graphical representation of the dissolution rates (Ω = 0.01 and Ω = 0.63) at
different flow rates, indicating that flow rate did not significantly affect dissolution rates
and that one or more surface-confined processes were responsible for limiting the
reaction rates.

3.3.1 Surface features on celestite (001) during dissolution

A representative image of an etch pit on the celestite (001) surface following
initial dissolution at Ω = 0.01 and observed at Ω = 0.63 is shown in Figure 3.2. The etch
pit is flanked by steps aligned along 〈010〉 and 〈120〉 directions. The morphology of the
pit formed is similar to that observed on barite surfaces as reported in previous studies
(Risthaus et al., 2001; Higgins et al., 1998a). The monolayer (3.4 Å height) and the
bilayer steps (6.8 Å height) bounding the innermost pit are marked as “S” and “D”,
respectively, in Figure 3.2.
Figure 3.3 gives a time sequential image set (deflection error signal) showing
expansion, both lateral and vertical, of the etch pits with time. Figure 3.3d shows the
expansion of a monolayer pit (marked “S”) as its vertex touched the edge of the pit in the
adjacent upper layer. Thus the lower pit vertices moved faster than the upper pit edges
leading to the formation of step segments with double–layer height marked “D” in Figure
3.3d. The presence of a 21 screw axis perpendicular to (001) surface resulted in the
opposite orientation of monolayer triangular etch pits formed in subsequent layers as
reported previously for both Celestite (Risthaus et al., 2001; Seo and Shindo, 1994) and
barite (Risthaus et al., 2001; Higgins et al., 1998a).
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Figure 3.1: Dissolution rates (rd) of celestite at different flow rates of the experimental
solutions obtained at Ω = 0.01 and 0.63. rd values at particular undersaturation at varying
flow rates are well in accordance with each other (considering the limits of uncertainty).
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Figure 3.2: AFM image (7.0µm x 7.0µm) of an etch pit on celestite (001) surface
nucleated during dissolution from undersaturated aqueous solution (Ω = 0.01).The etch
pit was imaged and observed at Ω = 0.63. Directions of [010] and [120] steps are
labeled. The steps labeled “S” and “D” are monolayer (3.4Å) and bilayer (6.8 Å) steps,
respectively.
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Figure 3.3: Sequence of AFM images (2.0µm x 2.0µm) of celestite (001) in an
undersaturated aqueous solution at Ω = 0.01. The images are taken at (a) t = 0 s, (b) t =
88 s, (c) t = 177 s and (d) t = 265 s respectively. These images show the expansion of
dissolution etch pits with time. The steps labeled “S” and “D” are monolayer (3.4Å) and
bilayer (6.8 Å) steps, respectively.
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3.3.2 Effects of saturation state on dissolution kinetics

Figure 3.4 shows step speeds (vs) measured from the displacement of 〈010〉 and
〈120〉 steps, respectively, as functions of Ω. As shown in the graph, the step speed
increased with increasing undersaturation. The slopes of the solid lines fit to the step
speeds are related to the step edge "kinetic coefficient", βs, describing the linear
relationship between step speed and undersaturation:

v s = β sVm Ceq (1− Ω)

(7)

Ceq is the equilibrium concentration of solute taken here to be (Ksp)1/2 since the solutions
were prepared in stoichiometric proportions of SrCl2 and Na2SO4. The line fit to the 〈010〉
step speeds has a slope corresponding to βs = 3.1 (± 0.4) x 10-3 cm/s, although these step
speeds appear to be approaching zero well below solution saturation in celestite. In fact,
this appears to be the case for both sets of steps, indicating that the model in Eqn. 7,
based on early theories of crystal growth (Burton et al., 1951; Chernov, 1961), does not
apply in these experiments. More recent theoretical treatment of step edge kinetics will
be considered in the discussion.
Figure 3.5 shows the measured dissolution rate (rd) versus Ω demonstrating that
the dissolution rate increased with decreasing Ω. The simple rate equation represented by
Eqn. 1 is shown in Figure 3.5a as a fit to the data set using n = 1 and n = 2. The model
with adjustable k does not fit through all of the data points either with n = 1 or n = 2. The
significant non-linear dependence suggests that a more complicated dissolution model
may be required. The significant change in slope of the data in Figure 3.5a may indicate
the presence of a critical undersaturation, marking the conditions at which the dissolution
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Figure 3.4: Graphical representation of [010] and [120] step speeds (vs) versus Ω. The
solid line represent fitting of the data to Eqn. 7 and the dashed line is a fit using the model
of Zhang and Nancollas (1990).
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Figure 3.5: (a) AFM-based dissolution rates (rd) of celestite versus Ω. Solid lines
represent fitting of the data to Eqn. 1 (n=1, 2). The lack of a satisfactory fit indicates
more detailed models are necessary. (b) Fitting of the data in (a) using Eqn. 1 near
equilibrium and Eqn. 3 at high undersaturation.
(a)
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(b)
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rate dependency on undersaturation also changes. In Figure 3.5b, Eqn. 3 is shown as
three different fits to experimental data acquired exclusively at high undersaturation (Ω ≤
0.1). These three circumstances correspond to values of xs representing surface diffusion
lengths of the order of 1, 10, and 100 lattice sites. Large surface diffusion distances do
not yield a satisfactory fit to the data whereas smaller values for this parameter visually
improve the fit, providing the following fit parameters: Ωcrit = 0.14 ± 0.02, and A = 2.9
(±0.7) x 10-10 mol cm-2 s-1. Fitting of the near equilibrium data in Figure 3.5b was then
performed satisfactorily using Eqn. 1 (n = 1) with k = 1.0 (±0.2) x 10-11 mol cm-2 s-1.

3.3.3 Effects of sample experimental history on dissolution kinetics

To explore the possible influence of sample history (i.e., hysteresis) on the
observations, experiments were carried out using decreasing and subsequently increasing
undersaturation. rd versus Ω under these two different experimental pathways were
shown in Figure 3.5 previously. In the first part of the experiment, the solution saturation
state was changed from high undersaturation to near equilibrium conditions with Ω =
0.01, 0.1, 0.4, 0.63. In this experimental sequence, the mineral surface was first exposed
to Ω = 0.01 for 2.4 hours, to Ω = 0.1 for 1.4 hours, to Ω = 0.4 for 1.3 hours and finally to
Ω = 0.63 for 2.7 hours. Following this experiment, dissolution rates were also obtained
with Ω varying in the opposite sense whereby the mineral surface was exposed to Ω = 0.4
for 1.3 hours followed with Ω = 0.1 for 1.3 hours. In a third experiment, the solution
saturation state was changed abruptly from high undersaturation (Ω =0.01) to near
equilibrium conditions (Ω = 0.63). The sample was exposed to Ω = 0.01 for 1.5 hours and
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to Ω = 0.63 for 2.5 hours. The dissolution rates obtained at similar conditions using
different sample histories indicate minimal effect of sample history over a time scale of
1-2 hours.

3.3.4 Effects of saturation state on surface morphology

Figure 3.6 shows the observed surface morphology at various values for Ω. The
sample was exposed to the experimental solution of Ω = 0.01 followed by a solution of Ω
= 0.1 when images in Figure 3.6a and 3.6b were obtained, respectively. The change in
undersaturation here is marked by an observable decrease in pit density as can be verified
in these two images. In Figure 3.6a, the pit density was 0.6 pit/µm2, which decreased to
0.1 pit/µm2 in Figure 3.6b. In Figures 3.6c and 3.6d, the images were acquired at Ω = 0.4
and 0.63, respectively. The existing steps in these images are oriented along 〈120〉
crystallographic directions. At these near equilibrium conditions, etch pit formation was
not observed.
Representative images from an abrupt change from the most undersaturated
solution (Ω = 0.01) to near equilibrium conditions (Ω = 0.63) are shown in Figure 3.7a
and 3.7b, respectively. Before the image in Figure 3.7b was acquired the sample was at
Ω = 0.63 for 0.9 hours. Most of the steps, predominantly oriented along 〈120〉, remain in
Figure 3.7b, but in the lower center portion of this image, 〈100〉 oriented steps also
appear. Evidently the 〈100〉 steps are stabilized under near equilibrium conditions, but to
what extent these steps determine the surface morphology is not known. Although a
slight decrease in step density (ρs) was quantified in the two solutions (ρs = 0.03 ± 0.01
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steps nm-1 at Ω = 0.01, and ρs = 0.02 ± 0.01 steps nm-1 at Ω = 0.63) the differences are not
significant, illustrating a lack of relaxation in the local surface topography on the
timescale of 1 hour. "Relaxation” here refers to the processes related to time-dependent
changes in the surface morphology and dissolution kinetics following an abrupt change in
solution chemistry. In this scenario, the AFM area of observation was much smaller than
the spacing between separate etch pits. However, when the area of observation included
multiple etch pits, relaxation in the surface topography was clearly observable.
Figure 3.8 shows AFM images taken from an area approximately 16 times that of
the Figure 3.7 images. Figure 3.8a shows a number of etch pits nucleated at Ω = 0.01.
This image represents the state when solution was just switched from Ω = 0.01 to Ω =
0.63. Before acquiring Figure 3.8a, the mineral surface was exposed to Ω = 0.01 for 0.7
hours. Figure 3.8(b-c) show the etch pits at Ω = 0.63 after 0.3, 0.9, and 2.7 hours,
respectively. Dissolution occurred along the step edges bounding the existing etch pits
with no further pit nucleation and lateral expansion of the etch pits led to coalescence of
some of the etch pits (i.e., pit-pit overlap). In Figure 3.8d, most of the existing etch pits
have disappeared and a single, flat-bottomed etch pit is observed. The topmost part of this
last image exhibited step bunches encroaching upon the neighboring areas.
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Figure 3.6: Fluid cell AFM images showing surface topography on (001) surfaces of
celestite at different undersaturations. (a) Ω = 0.01; Image size: 5.34 µm x 5.34 µm; Pit
density: 0.6 pits/µm2. (b) Ω = 0.1; Image size: 10 µm x 10 µm; Pit density: 0.1 pit/µm2.
(c) Ω = 0.4; Image size: 4.8 µm x 4.8 µm; no pits observed. (d) Ω = 0.63; Image size: 4.9
µm x 4.9 µm; no pits observed.
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Figure 3.7: Fluid cell AFM images showing step densities on a (001) surface of celestite
mineral at different undersaturations (away and near equilibrium). The experiment was
performed with use of experimental solutions starting with the most undersaturated one
(Ω = 0.01) and then shifting towards the one near equilibrium conditions (Ω = 0.63) (a) at
Ω = 0.01. Image size: 1.3µm x 1.3µm. Step density: 0.03 ± 0.01 steps/nm (b) at Ω = 0.63.
Image size: 1.3µm x 1.3µm. Step density: 0.02 ± 0.01 steps/nm.
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Figure 3.8: Fluid cell AFM images showing the process of topographic relaxation. The
etch pits nucleated at Ω = 0.01, were observed at Ω = 0.63. (a) Image size: 2.7 µm x
2.7µm. Etch pits on the surface just after solution was switched from Ω = 0.01 to Ω =
0.63. Before this image the surface was exposed to Ω = 0.01 for 0.7 hours. (b) Image
size: 5.0µm x 5.0µm. The surface viewed 0.3 hours after image (a). (c) Image size: 5.0µm
x 5.0µm. After 0.9 hours since image (a), the etch pits on the surface. (d) Image size:
5.0µm x 5.0µm. The mineral surface when observed 2.7 hours after image (a). With time,
the etch pits at Ω = 0.63, expanded laterally without vertical deepening.
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3.4 DISCUSSION

AFM observations on etch pit formation (Figure 3.2) and dissolution processes
(Figure 3.3) showed that the surface reaction occurred by the retreat of steps parallel to
〈010〉 and 〈120〉 directions. The step speeds along both these crystallographic directions
increased with increase in solution undersaturation (Figure 3.4). The observation that
〈010〉 step velocities were lower than 〈120〉 step velocities, at fixed Ω, can be explained
by the atomic structure along the two step directions.
The 〈120〉 steps are non-polar and are therefore electrically neutral steps with
alternating arrangement of positively charged Sr2+ ions and negatively charged SO42ions. On the other hand, the monolayer steps along 〈010〉 direction are polar and are
either positively (terminated by rows of Sr2+ ions) or negatively (terminated by rows of
SO42- ions) charged. Water present as a solvent in the reacting system creates hydration
shells around both 〈010〉 and 〈120〉 steps, promoting the detachment of ions from the
crystal. Presumably the anisotropic step velocities along the two crystallographic
directions are related to differences in the ion detachment processes at the two steps. If
the dissolution process involves detachment of neutral ion pairs from step edges, then
hydration of these pairs would be less complete at a 〈010〉 step site compared with that at
a 〈120〉 step site. This prediction arises from the fact that the ion pairs are connected
parallel to 〈120〉 steps and perpendicular to 〈010〉 steps, leaving either the cation or anion
exposed at the 〈010〉 step whereas on 〈120〉 steps, both ions are exposed.
That the basic step dissolution model in Eqn. 7 did not apply to the quantitative
〈120〉 step speed data in Figure 3.4 requires consideration of more recent theoretical
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treatments of step kinetics. One of these models (Zhang and Nancollas, 1990) as
expressed in the following equation predicts that the step speed increases non-linearly
with Ω due to roughening of the step edge at higher undersaturation.
vs = A

Ω1/ 2 −1
(2 − Ω1/ 2 )1/ 2

(8)

However, step roughening in that model does not affect the linearity of the step
speed behavior near equilibrium, but only when Ω < ~0.1 and the effect of this model on
the linearity is not pronounced (dashed line in Figure 3.4). The influence of impurities on
crystal growth kinetics has been documented in numerous studies (see De Yoreo and
Vekilov, 2004) with the basic model of impurities serving to block or "pin" points along
steps (Cabrera and Vermilyea, 1958). These impurities, by preventing growth in their
immediate vicinity, require the steps to generate curved segments in order to grow
between the impurity-pinned points. Nearer to equilibrium, the formation of step
curvature required for the steps to grow between the points may be thermodynamically
unfavorable. As a result, step motion may cease even though bulk thermodynamics
predicts step advancement (sans impurities). The same impurity effect should be
operable in dissolving systems and does provide a plausible explanation for the apparent
lower "solubility" of the 〈120〉 steps in Figure 3.4. The 〈010〉 steps also have an apparent
solubility that is below the value predicted from Ksp for celestite. Although individual
impurity ions or even small clusters are difficult to observe in the AFM, both images in
Figure 3.7 show larger clusters of material that are relatively resistant to dissolution and
produce a similar step pinning effect (left side of Figures 3.7a and 3.7b, and lower right
corner of Figure 3.7b).
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Simple dissolution models (Eqn. 1) did not apply to the experimental dissolution
rates for celestite (Figure 3.5), indicating that the mechanism for celestite dissolution was
dependent on solution saturation state. As demonstrated by the AFM observations in
Figure 3.6, dissolution on celestite actually occurred by the nucleation of etch pits and by
step retreat at conditions far from equilibrium whereas close to equilibrium, the reaction
took place exclusively by step retreat. The need to account for the change in the
dissolution "mechanism" therefore precludes the use of the simple models reflected in
Eqn. 1.
The simple rate expression (Eqn. 1) does not adequately describe the experimental
data, but the more detailed model based on work by Lasaga and Lüttge (2001) (Eqn. 3)
contains a different set of physically-based fitting parameters including parameterization
of etch pit formation, potentially providing a more physically-justified model. Clearly,
the explicit inclusion of dislocation strain in the model described by Eqn. 3 to predict the
changeover from step driven dissolution to pit nucleation at line defects is more
appropriate given the AFM topographic evidence shown here. To predict the saturation
condition for onset of pit nucleation at dislocations, the theoretical Ωcrit value for celestite
was obtained from the relation ∆Gcrit = kT lnΩcrit and the following (Lasaga and Blum,
1986):
∆Gcrit = −

2π 2σ 2KVm
µbd2

(9)

In Eqn. 9, σ is the celestite surface free energy, µ is bulk shear modulus, bd is the Burgers
vector of the dislocation and K (= 1 – ν, for an edge dislocation, which is assumed) is
calculated from the Poisson ratio ν, the ratio of latitudinal to longitudinal strain due to an
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applied load on the mineral. Using bd = 5.35 x 10-8 cm and literature values for σ = 75.67
mJ m-2 (Hina and Nancollas, 2000), K = 0.6 (Mavko et al., 1998) and µ = 17.15 x 109 N
m-2 (Mavko et al., 1998), a value of Ωcrit = 0.7 ± 0.2 was obtained. The graph in Figure
3.5b showed the fit of the experimental dissolution rates to Eqn. 3. As Ω increases toward
Ωcrit, Eqn. 3 reduces to
Rate = A (Ωcrit – Ω)

(10)

and fits the data points well at conditions far from equilibrium with Ωcrit = 0.14 ± 0.02,
and A = 2.9 (±0.7) x 10-10 mol cm-2 s-1. Eqn. 3 also reduces to Eqn. 10 when xs is on the
order of atomic dimension for all Ω < Ωcrit. The value for A found here is not equivalent
to the limiting rate of dissolution at high undersaturation as suggested in Lasaga and
Lüttge (2001). When xs is much greater than atomic dimension, Eqn. 3 displays a distinct
non-linearity that clearly did not describe the experimental data in Figure 5b providing
evidence that the typical surface diffusion distance on celestite (001) is on the order of
unit cell dimensions.
When the solution saturation state approaches equilibrium, Eqn. 3 does not apply
(Ω > Ωcrit), but instead, Eqn. 1 (with n = 1)
Rate = k (1– Ω)

(11)

fits the data with a value of k = 1.0 (±0.2) x 10-11 mol cm-2 s-1. Here, the rate constant k
has physical significance in that it describes the kinetics of step motion on a surface with
a known and fixed step density in an identical manner as the step edge "kinetic
coefficient" (βs in Eqn. 7) describes how step speed varies with solution saturation state
(Teng et al., 1999). This underscores a key shortcoming of applying models intended for
fundamental systems to complicated ones such as the dissolution of entire mineral grains.
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The value obtained for k will depend on factors that influence the step density, such as
the manner in which the sample was prepared and the types of solutions to which the
sample was pre-exposed.
A significant discrepancy between the experimental and predicted values for Ωcrit
is evident in comparing Figure 5b with the value found via Eqn. 9. The difference
between predicted (0.7 ± 0.2) and experimental (0.14± 0.02) values could be due to a
surface energy considerably larger than that used in the prediction of Ωcrit or from a
magnitude of the Burgers vector less than that considered in the calculations. The
interfacial tension values summarized in Hina and Nancollas (2000) were determined
from homogeneous nucleation experiments and crystallite size-dependent solubility. The
range of values reported (43 – 103 mJ m-2) were used in estimating the uncertainty in
Ωcrit, but it is also reasonable that these interfacial tension quantities may be
systematically lower than relevant values to the AFM experiments because the measured
quantities may not be directly applicable to the specific crystallographic steps created in
the critical etch pit nucleus. A value of 257 mJ m-2 would be necessary to account for the
differences in the experimental and model calculation of Ωcrit. The magnitude of the
Burgers vector used in the calculation was chosen to be the smallest dimension of the
celestite unit cell (b = 5.35 Å); a value that already minimizes the calculated Ωcrit.
The motivation for determining the dissolution rates of celestite at two distinct
undersaturations, Ω = 0.63 and 0.01, was to understand the topographic “relaxation”
dynamics. It was expected that the change in dissolution rate from Ω = 0.01 to Ω = 0.63
would take considerable time to relax due to the effects of surface morphology (i.e., step
density) on dissolution rate. The measured dissolution rate at Ω = 0.63 decreased from
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that at Ω = 0.01 with a very short relaxation time (< 1 min) where the rapid response
could be attributed to the nearly instantaneous change in step speed. Furthermore, the
reproducibility in dissolution rates at particular saturation states, independent of the
experimental path, suggests that the rates are characteristic of the system and not
characteristic of sample history. The lack of hysteresis in the data, however, only reflects
the behavior of the system of steps. The topographic relaxation would be expected to
occur over much longer timescales. Additional evidence consistent with the notion of
long relaxation times comes from the observance of the formation of flat-bottomed pits
following a decrease in undersaturation. That an etch pit becomes flat bottomed with
time in near equilibrium conditions was demonstrated in Figure 3.8. The timescale for
this topographic change was on the order of 3 hours in Figure 3.8. Following an
instantaneous change in Ω toward equilibrium, the primary sources of surface flux (i.e.,
steps) respond rapidly, but the secondary sources (i.e., defects) that lead to creation of
steps will not immediately influence the step density. The reduction in step density via
the formation of flat-bottomed pits and the annihilation of counter-propagating steps will
take place over a much longer timescale; one that will be referred to as the topographic
relaxation time.
Neglecting the edges of the macroscopic crystal and any cleavage topography, the
topographic relaxation time for a dissolving mineral should be related to the step kinetics
and the areal density of surface defect sites considered active in the formation of pits.
Here, a simple topographic/kinetic model is considered to describe the time-dependent
relaxation of the surface morphology. For simplicity, the model is developed assuming
circular etch pit morphology with the initial pit radii, rm, in layer m, isotropic step speed,
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vs, uniform spacing of pit centers, c, and uniform activity at each pit center. This last
assumption implies all line defects intersecting the surface are similar. Figure 3.9
illustrates the pit morphology in the model using a lateral domain of 4 etch pits. While it
would be possible to account for the more complicated geometric shapes of the celestite
(001) etch pits, this simple model is meant to illustrate the general characteristics of the
dissolution relaxation process.
Just after the experimental solution is switched from a higher undersaturation to a
near equilibrium condition the step speeds decrease in accordance with the change in
solution conditions. Thereafter, the time-dependent step length, ls(t) is as follows for N
pits, M layers deep, on a square surface of area L2 with N = L2/c2:
M ⎛
⎞
c
ls (t) = 2N ∑⎜π − θ (m,t)4 cos−1
⎟(rm + v st )
2(rm + v st )⎠
m =1⎝

⎧⎪0,

θ (m,t) = ⎨

⎪⎩1,

2(rm + v st ) < c

(12)

(13)

2c > 2(rm + v st ) > c

Eqn. 13 is a step function accounting for pit perimeters prior to and following pit-pit
overlap. Physical restrictions require rm < rm+1, leading to the prediction that ls(t) and the
step density (defined as total step length per unit surface area), ρs(t), as well as the
dissolution rate, decrease roughly as t-1. The predicted topographic relaxations for
different values of M are summarized in Figure 3.10. The characteristic topographic
relaxation time, τ ~ c(2vs)-1, is independent of M as shown in this figure. The plots
generated using small M show periods of increasing step length, however, it is very
unlikely that these increases would ever be observed experimentally because of the
simplicity of the model that assumes uniform rm for all pits in the mth layer.
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Figure 3.9: Visual representation of the model described by Eqns. 11 and 12. Steps are
represented by the circular and curved lines (circular pit assumption) with step speed, vs.
The centers of adjacent pits are separated by a distance, c. In the illustration, N = 4 and
M = 5 where layer 1 (m = 1) is the lowest in elevation and the uppermost layer, layer 5 (m
= 5), represents the situation in which pit-pit overlap has occurred.
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Figure 3.10: Time-dependent step length, ls(t), for the model described in Eqns. 11 and
12 and represented in Fig. 3.9 with varying depths of the etch pits. The surface
topography, here quantified as the step length, relaxes on a timescale of ~0.5c/vs,
independent of the depth of the etch pits.
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The above estimation of τ is an approximation since the value for c and the activity of
each etch pit were assumed to be uniform across the entire surface area, but the basic
result leads to an important conclusion. Topographic relaxation, a process that impacts
dissolution rates, may be important on timescales far exceeding what is often investigated
in laboratory experiments. In these experiments on celestite, near-equilibrium conditions
yielded vs ~ 0.01-0.1 nm/s. Assuming c to be of the order 1-10 µm, the timescale for
topographic relaxation may range from approximately 104 s up to 106 s, a range that
includes the observed relaxation time of ~3 hours for the surface in Figure 3.8. The
origins of the long relaxation times stem from the near equilibrium kinetics of dissolution
and growth processes, but the ultimate determining factors are the type and distribution of
lattice defects present and the impurities that have the potential to reduce step speeds far
below those predicted by linear extrapolation of far-from-equilibrium data. Scaling the
celestite behavior to the less reactive, yet much more abundant minerals such as the
plagioclase feldspars, with dissolution rates of ~10-13-10-16 mol cm-2 s-1 at 25 oC (e.g.,
Blum and Stillings, 1995) leads to predictions of topographic relaxation times exceeding
300 years in the case of albite.
The model shortcomings are in its uniformity assumptions. It is more realistic to
assume rm will describe a broad distribution of pit radii in the mth layer thereby
smoothing out the discontinuities in ls(t). A real surface will also have a distribution of
pit depths due to differences in the strain at defects. This latter circumstance would lead
to a dominance of the surface topography by the most active (i.e., steepest walled) etch
pits, with spacing c', after long periods of dissolution at high undersaturation. When this
predominance obtains, implying c' » c, topographic relaxation times will be much longer
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than those predicted by a simple determination of defect density. Finally, real surfaces
will have forced steps due to surface miscut from the perfect low-index planes. This
miscut will tend to reduce the effect of topographic relaxation on the dissolution rates.
The broader implications of the conclusions drawn above are that models of
mineral-water interface kinetics should account for kinetic relaxation due to changes in
surface topography. These implications are important to both laboratory scale modeling
as well as field scale modeling particularly where natural waters are subject to dramatic
changes in fluid chemistry, such as surface water and shallow aquifers impacted by
rainfall, or changes in temperature, such as near thermal springs and hydrothermal vents.

3.5 SUMMARY

The AFM investigations presented above demonstrate that linear rate equations
for dissolution do not apply over broad ranges of undersaturation for the celestite-water
interface. With regard to the dissolution of 〈120〉 and 〈010〉 step edges, the
undersaturation at which step speeds trended toward zero was far below the bulk
equilibrium condition, suggesting a likely influence from impurities at the interface.
Therefore, prediction of near-equilibrium step speeds presents significant challenges as
the concentration and identity of impurities are likely to be important parameters in
modifying the near-equilibrium rate equations. The implication of the observed nearequilibrium step kinetics is that the time for topographic relaxation is further extended
due to the dependence of this relaxation time on step speeds. Linear rate equations often
used to model dissolution rate as a function of undersaturation were also found to be
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inadequate as exclusive descriptors of the experimental rate observations. Due to an
apparent change in the reaction order, confirmed to be associated with a change from
exclusive dissolution at steps to pit nucleation accompanied by step dissolution, the rate
data were best described by two models: One that applies to near-equilibrium conditions
(Ω > 0.1) where the dissolution kinetics are appropriately described by the elementary
kinetics of step edge motion, and one that applies below the critical undersaturation for
etch pit nucleation (Ω < 0.1). Following an abrupt change in solution chemistry, but
particularly from a higher to a lower degree of undersaturation, the relatively high step
density surface produced in highly undersaturated solution undergoes an extended period
of topographic relaxation. A simple model for this process sets the relaxation time by the
average spacing of active defect outcroppings and the step speed with typical relaxation
times in the range of 104 – 106 seconds for celestite at 25 oC. These investigations
represent an initial study of one system with relatively limited variance in experimental
parameters. Additional experimental and model development work would aid in testing
the general applicability and importance of topographic relaxation in laboratory and field
conditions. Key gaps in the current work could be closed through systematic
investigations of the effect of select impurities on near-equilibrium behavior and an
extension of the AFM-based work to powder suspensions.

87

4. The effect of cation: anion ratio in solution at constant undersaturation on the
dissolution kinetics of celestite (001) studied by Atomic Force Microscopy

Abstract

Dissolution of SrSO4 (001) as a function of

[ Sr 2 + ]
was studied by atomic force
[ SO42 − ]

microscopy in order to examine the mineral’s reactivity under nonstoichiometric solute
conditions. At a near saturation state of Ω ~ 0.63 (= [Sr2+] [SO42-]/Ksp) with respect to
celestite, dissolution took place by removal of ions exclusively from existing step edges.
The effect of the solution ionic ratio on the mineral reaction kinetics was investigated by
measuring 〈010〉 and 〈120〉 step speeds. A theoretical model, describing step speed as a
function of

[ Sr 2 + ]
was applied to the experimental data. For both step edges, the
[ SO42 − ]

[ Sr 2 + ]
=1 indicating the rate of SO42- ion attachment equal to
reaction rate was largest at
2−
[ SO4 ]
that of the Sr2+ ions to the kink sites.
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4.1 INTRODUCTION

Mineral dissolution in natural waters has a significant impact on the local
chemistry of the surrounding aquatic and biological systems. Natural systems are
considerably more complex than experimental systems designed for laboratory
investigations and therefore, it is not surprising that kinetic investigations in the
laboratory do not often yield results that are consistent with observations in field
research.
That solute nonstoichiometry in solutions plays an important role in the growth
and dissolution of minerals in natural systems has been discussed by Zhang and
Nancollas (1998). They have developed a theoretical model predicting the reaction rate to
be a function of solution ion activity ratio at a fixed solution saturation state. This
interesting theoretical prediction may be tested by studying the impact of solution ionic
ratio on the growth and dissolution rates of different minerals.
Previous studies have demonstrated the marked effect of ionic ratio on the solidwater reaction rates of some minerals. For example, the growth rate of calcium sulfate
dihydrate at constant supersaturation was found to increase with decreasing

[Ca 2 + ]
[ SO42 − ]

[Ca 2 + ]
ratio on the rates of
molar ratio (Zhang and Nancollas, 1992). The impact of
[ SO42 − ]
new crystal formation of CaSO4·2H2O has also been reported by Keller et al (1980). This
study showed that at the same analytical supersaturation level the rates of CaSO4·2H2O
nucleation differed significantly from each other at different cation:anion ratios. These
observations indicated not only the influence of relative concentrations, but also, and
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more importantly, the influence of relative ion hydration/dehydration kinetics on the
overall reaction kinetics. In another study, the rate of octacalcium phosphate dissolution
at constant pH was found to be dependent on the undersaturation as well as on the molar
[Ca 2 + ]
ratio (Verbeeck and Devenyns, 1990). The study showed that over a wide range
[ PO43− ]
of solution undersaturation; a changeover in reaction mechanism was a function of
solution ionic ratio. At

[Ca 2 + ]
≤ 1.33, two distinct reaction processes represented by
[ PO43− ]

different rate equations described the reaction rate data set, while at

[Ca 2 + ]
≥ 1.33,
[ PO43− ]

discrimination between the two processes was not distinct (Verbeeck and Devenyns,
[Ca 2 + ]
molar ratios (0.5 –
1990). In another investigation performed at a broad range of
[ PO43− ]
5.0), the most favorable condition for hydroxyapatite mineralization in polymeric gels
was found to be at

[Ca 2 + ]
= 2, instead of the stoichiometric value of 1.67, the ratio
[ PO43− ]

present in hydroxyapatite crystals. At

[Ca 2 + ]
= 2, the crystals formed were denser and
[ PO43− ]

larger in size with more crystalline morphology than those formed at other ionic ratios at
both ends. This implies that to perceive the most effective condition leading to the
mineralization of calcium phosphate crystals in sol-gel environment, it is important to
[Ca 2 + ]
consider a range of
molar ratios, rather than using the ratio corresponding to the
[ PO43− ]
mineral stoichiometry only (Das et al, 2005). Effect of
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[ Ba 2 + ]
ratio at constant
[ SO42 − ]

supersaturation was studied on barite growth mechanism by Kowacz et al (2007).
Considering non equivalent attachment frequency factors for cation and anion according
to the kinetic ionic ratio model developed by Zhang and Nancollas (1998), dependence of
step speed and crystal growth rate on solution stoichiometry was explained. The study
showed that maximum growth rate for barite occurred at conditions when constituent
ionic ratio in the experimental solution did not match to that of the crystal lattice and
[Ba2+] was greater than that of [SO42-]. This indicated a lower attachment frequency for
barium than that for sulfate ions to the kink sites. The kinetics of Ba2+ attachment thus
governed the mechanism of barite growth when reaction occurred at conditions of solute
nonstoichiometry (Kowacz et al, 2007). Thus various interesting outcomes from these
previous studies indicate a need to study the effect of ion activity ratios in experimental
solutions on growth and dissolution kinetics of different mineral systems in the
environment.
Celestite (SrSO4) is a naturally occurring sulfate mineral usually found in marine
sedimentary deposits and sometime in groundwater aquifers (Hanor, 2000; Chapelle,
2004). Being highly reactive at room temperature compared to the isostructural mineral
barite (e.g., Dove and Czank, 1995), celestite dissolution and precipitation likely
influences the Sr composition in natural waters. Also, in marine environments, organisms
like acantharians use Sr as a major structural constituent and celestite essentially
composes their skeletons and cysts (Bernstein et al, 1992; Bernstein and Byrne, 2004). A
study of the acantharian species Phyllostaurus siculus by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM), examined the celestite
skeletal morphology of the organism. The skeletal morphology was found to be
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composed of twenty elongated spicules radiating from a central point connected by lateral
wing attachments at the cell center. High resolution transmission electron microscopy
(HRTEM) confirmed the single-crystal nature of each elongated spicule that tapered to
the tip. The skeleton form was compatible with the celestite crystallography; the cleavage
pattern of spicules being similar to that of the geological and synthetic celestite crystals.
Single spicule crystal exhibiting orthorhombic symmetry showed orientation along the
crystallographic ‘a’ axis. However, morphology of the crystal spicules not displaying
tabular forms parallel to (001) planes like the geological and synthetic celestite crystals
was presumed to be controlled by biological constraints (Wilcock et al, 1988).
Consequently, dissolution of the acantharian skeletons and cysts being composed of
celestite plays an important role in determining the Sr composition in ocean waters. This
biogenic contribution to Sr-rich microenvironments further supports the need to develop
improved models for celestite dissolution. In recent efforts, celestite (001) dissolution
was studied by atomic force microscopy as a function of solution undersaturation (Ω =
0.01-0.63) (Bose et al, 2008). The dissolution rates of celestite demonstrated a non-linear
dependence on saturation state. A model (Lasaga and Luttge, 2001), incorporating a
critical undersaturation (Ωcrit ~ 0.1) rendered an improved fit to data points at high
undersaturation where basic dissolution models did not apply. From the data fits, the
study provided an important inference indicating a changeover in celestite dissolution
mechanism as a function of solution saturation state. The kinetic information from this
earlier study (Bose et al, 2008) on celestite dissolution was from experiments in solutions
prepared in stoichiometric proportions. However, activities of mineral lattice ions in
solutions usually differ considerably from the stoichiometric ion activity ratio and affect
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mineral dissolution or precipitation reactions in biological and aquatic systems (Zhang
and Nancollas, 1998; Kowacz et al, 2007). Therefore hypothesizing that solute
nonstoichiometry in reactive solutions will profoundly impact the reaction kinetics as
well as surface morphological features of reacting minerals, dissolution experiments were
done on celestite. To understand the influence of aqueous

[ Sr 2 + ]
on the dissolution
[ SO42 − ]

kinetics of celestite, AFM experiments were performed on celestite (001) surfaces at
different solution ion activity ratios with a fixed saturation state of Ω = 0.63
Ω=

[ Sr 2 + ][ SO42 − ]
K sp

(1)

In equation (1), [Sr2+] and [SO42-] are the activities of Sr2+ and SO42- ions respectively
and Ksp represents the solubility product of mineral celestite. The experimental solutions
were at Ω = 0.63.

4.2 THEORETICAL BACKGROUND

Zhang and Nancollas developed a kinetic model for a binary symmetric
electrolyte crystal as an extension to the crystal kinetic theory of a Kossel model (only
one type of growth unit in a simple cubic lattice) (Zhang and Nancollas, 1998). The
model was based on the [01] step on (001) face of an AB crystal of NaCl lattice type. As
discussed in Zhang and Nancollas (1998), the steps on a mineral surface retreat through
detachment of ions from kinks in an undersaturated solution. Thus the kinetics of steps
depends on the rate of kink propagation. To explain the effect of solution stoichiometry
on kink propagation, Zhang and Nancollas introduced the kinetic ionic ratio:
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ri =

υ B k A[ A]
υ Ak B [ B]

(2)

In the present study, k A = k Sr 2+ and k B = k SO 4 2− are the forward rate constants for
the attachment or integration of Sr2+ and SO42- ions respectively to the kink sites. υA and
υB are the frequencies of detachment of Sr2+ and SO42- ions respectively from the kink
sites. According to the model described by Zhang and Nancollas (1998) and explained by
Kowacz et al. (2007), the detachment frequency was assumed to be equal for both ions.
However, considering different dehydration rates for cation and anion, attachment
frequencies for individual ions were considered different (Kowacz et al. 2007). Thus
assuming υA = υB , kinetic ionic ratio (as will be considered for the present study) in
expression (2) reduces to

ri =

k A[ A]
k B [ B]

(3)

and henceforth for the model consideration in this study,

[ Sr 2 + ]
ionic ratio will be
[ SO42 − ]

denoted by ri ' .
When ri =1 in undersaturated solution, the rate of step movement is given by
V = 2aν exp(− ε / k bT )(S − 1) / 2 − S

(4)

This expresses the rate of step movement for a Kossel crystal. In equation 4, a is the
dimension of a growth unit (ionic diameter), ν is the detachment frequency of an ion
from the kink, ε is the kink formation energy which may correlate with enthalpy of
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solution, k b is the Boltzmann constant, S is the saturation ratio as expressed in equation
(5) and T is the absolute temperature.
1

⎛ [ Sr 2 + ][ SO4 2 − ] ⎞ 2
⎟
S =⎜
⎟
⎜
K
sp
⎠
⎝

(5)

In equation (5), [Sr2+] and [SO42-] are the activities of Sr2+ and SO42- ions respectively
and Ksp represents the solubility product of mineral celestite.
When ri ≠ 1, the rate of step movement ( V ) is as follows:
V ' = Vk q d (ri , S )

(6)

In equation (6), q d is a correction factor that reduces the rate of step propagation due to
unequal ion attachment rates when ri ≠ 1. While the net rate of ion attachment must be
equal for the two ions, q d accounts for the possibility that one of the ions may limit the
rate of attachment of the other. q d is comprised of two components, n d and p , that
reflect the correction factors applied to the rate of kink propagation and to the kink
density, respectively. These three factors are related below.
q d = [nd (ri , S ) p (ri , S )]

1/ 2

nd =

(7)

⎤
2+S −S2 ⎡
1
1
+
⎥
⎢
1
/
2
−
1
/
2
2
2
2
2 + ri
S − S ⎦⎥
⎣⎢ 2 + ri S − S

p=

(

S ri

S +1
1/ 2

)

(8)

(9)

+ ri −1 / 2 2 + 1

Equations (8) and (9) predict the maximum step speed at ri =1 and q d is most sensitive
to S close to equilibrium. However, when the correction function q d is equal to unity,
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the rate of step movement will become as expressed in equation (4). This gets further
reduced to a step movement rate predicted earlier by Zhang and Nancollas (1990) as
expressed in equation (10).
V = a 2 µρ d

(10)

In equation (10), µ = ν (S − 1) , ρ d = 2a −1 exp(− ω ) / 2 − S and ω =

ε
k bT

as in equation

(4). To test the applicability of this model to the dissolution of celestite ri ' was varied in
the experimental solutions at a fixed saturation state.

4.3 EXPERIMENTAL SECTION

Experiments were carried out on fresh (001) surfaces of celestite obtained by
cleaving the crystals with the aid of a knife-edge along the natural cleavage planes. The
instruments used for the experiments were a commercial AFM (Molecular Imaging
Corporation, AZ) and a custom HAFM (Higgins et al, 1998b) built in our laboratory.
The Molecular Imaging instrument was equipped with an open fluid cell and a syringe
pump system (Kloehn Ltd. NV). The custom AFM (Higgins et al, 1998b) had a closed
fluid cell with a very short residence time (estimated as 0.06s) combined with an eightport chromatography valve that allowed ease in switching to different experimental
solutions.
Images by both microscopes were taken in contact mode. Uncoated silicon
cantilevers with 0.2 N/m nominal spring constant were used. Experiments were carried
out at room temperature (approximately 25° C). In all experiments, solutions were
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prepared from high purity reagents of NaCl, Na2SO4 and SrCl2·6H2O using deionized
water (resistivity ≥ 18MΩcm). To adjust the ionic strength to 0.1M, background
electrolyte solution (NaCl) was added. pH of all the solutions was adjusted to
approximately 5.0 using dilute HCl. Visual MINTEQ (ver.2.23) software was used to
calculate the saturation state and ri ' in each solution. Dissolution rate, rd was calculated
using the following formula:
rd = ls hsVm-1 t-1

(11)

Here ls is the number of layers dissolving in a given time t, hs is step height and Vm is the
molar volume of celestite. In our calculation we have used the height of the bilayer step,
hs = 6.87Å = 6.87 x 10-8 cm. Calculation of Vm, (46.4 cm3 mole-1), was based on the
molar mass and density of SrSO4 (3.96 g cm-3) (Klein and Hurlbut, 1999). All
experiments were started with highly undersaturated solutions (Ω = 0.01) to nucleate etch
pits on the reacting surfaces before switching to solutions at Ω = 0.63. Step speeds were
determined from the change in position of particular steps with time in successive AFM
image frames.

4.4 RESULTS

To study the effect of varying ri ' on the dissolution of celestite (001), a series of
experiments were performed. According to the Zhang & Nancollas model, as the effect
on the relative rates of ion attachment / dehydration at the step edges will be most
pronounced at conditions near equilibrium, to test the applicability of the model on SrSO4
dissolution, experiments were carried out in near equilibrium solutions (Ω = 0.63).
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4.4.1 Surface features on celestite (001) during dissolution

Figure 4.1 shows an AFM image (deflection error signal) of a celestite (001)
surface dissolved in solution at Ω = 0.01 and observed at Ω = 0.63, with ri ' =1 in both
solutions. The etch pits on the surface are flanked by steps aligned along 〈010〉 and 〈120〉
crystallographic directions and show the characteristic morphology similar to that
observed on barite surfaces as reported in previous studies (Higgins et al, 1998a; Risthaus
et al, 2001).

4.4.2 Effects of varying ( ri ' ) on celestite dissolution kinetics

At Ω = 0.63, step speeds along 〈010〉 and 〈120〉 crystallographic directions vary
with change in ri ' (Figures 4.2a and 4.2b). The solid line fits to the 〈010〉 and 〈120〉 step
speeds are according to the Zhang and Nancollas model as described in Eqn. 6. Figure 4.3
shows the measured dissolution rates (rd) changing with varying ri ' . The rd data set is
also fitted with the dissolution rate trend according to the model expression in Equation
6. In each case the model fitting was done allowing the maximum step speed / reaction
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Figure 4.1: AFM image (13.36µm x 13.36µm) of a dissolving celestite (001) surface.
Etch pits nucleated during dissolution from undersaturated aqueous solution (Ω = 0.01)
were imaged and observed at Ω = 0.63. Directions of [010] and [120] steps are labeled.
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Figure 4.2 (a) Graphical representation of [010] step speed (vs) as a function of Sr : SO4
ratio. (b) Graphical representation of [120] step speed (vs) as a function of Sr : SO4. The
solid lines in (a) and (b) represent the step speed trends according to Zhang and
Nancollas model.
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(b)
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Figure 4.3: The plot shows dissolution rates (rd) of celestite as a function of Sr: SO4.
The reaction rate (rd) reaches maximum at Sr: SO4 = 10. The solid line represents the
reaction trend according to the Zhang and Nancollas model.
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rate to vary, the peak position reaching at a value of ri ' = 1. 〈010〉 step speeds in Figure
4.2a show that the maximum is at ri ' = 1, the general experimental trend of the 〈010〉 step
speed following the theoretical trend moderately closely. 〈120〉 step speeds in Figure 4.2b
and the dissolution rates (rd) in Figure 4.3 as following the theoretical trends also show
maxima at ri ' = 1. However, in these two figures a symbol (open circle) different from
that of the remaining data points (closed circle) shows the mineral reactivity at ri ' = 10.
Values of 〈120〉 step speed and dissolution rate at ri ' = 10, discordant with the remaining
data set at other values of ri ' are obtained from a separate experiment. Also while the
custom hydrothermal AFM (Higgins et al, 1998b) was used to perform the celestite
dissolution experiment at ri ' = 10, for all the other values of ri ' , experiments were done
by the Molecular Imaging AFM.
The discordance of the data point at ri ' = 10 with the data points at other values of

ri ' as well as with the theoretical reactivity trend (Figures 4.2b and 4.3) suggests to leave
out the reactivity point at ri ' = 10 for further consideration. The disagreement can be
attributed to the characteristic fluid flows in the two AFMs which controlled mass
transport differently and thus governed reactions accordingly in the two systems. While
in the closed fluid cell of the hydrothermal AFM the "wall-jet" (Compton et al., 1992)
flow configuration allowed exposure of the reactive surface to fresh solution at the tip
sample contact in negligible time intervals; the open fluid cell in the molecular imaging
system conducted a relatively slower fresh fluid exposure at the tip-sample contact.
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Graphical representation of step speeds and dissolution rates suggest moderately
close agreement with the theoretical trend except around ri ' > 50. The poor fits at these
conditions indicate that the model in Eqn. 6, based on certain assumptions for binary
symmetric electrolyte crystals (Zhang and Nancollas, 1998) may not be a perfect
application to this system. The appropriateness of the application of Zhang and
Nancollas model to the present mineral system will be considered in the discussion.

4.4.3 Effects of ri ' on surface morphology

Figure 4.4 shows the observed surface morphology at a value of ri ' = 0.002 at Ω
= 0.63. Compared to the etch pit morphology in Figure 4.1(sample exposed to the
experimental solution of ri ' = 1), figure 4.4 at ri ' = 0.002 is marked by an observable
difference in the etch pit shape. In Figure 4.1, the etch pit shape represents the
characteristic celestite pit morphology as shown previously (Risthaus et al, 2001; Bose et
al, 2008). But the pit shapes in Figure 4.4 as well as those observed in Figure 4.5 (a & c)
obtained from two separate experiments undergoing different experimental pathways
showed considerable elongation at ri ' = 0.002. Here, the steps bounding the etch pits
along the ends are no longer along crystallographic 〈120〉 direction, but become pointed
and highly vicinal trending along ~ 〈010〉 crystallographic direction. The image in Figure
4.4 represents a dissolving celestite surface exposed to ri ' = 0.002 when preceded by
other experimental solutions of ri ' values in between 1 and 0.002. On the other hand, in
the experimental sequence when Figures 4.5 a and c were obtained, there was an abrupt
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change in solution condition from ri ' = 1 to ri ' = 0.002 and vice versa. In the later
experiment when images in Figures 4.5a and c were obtained, other significant
observations noted at ri ' = 0.002, are pointed ‘lens’ shaped etch pits and the appearance
of steps oriented along the 〈100〉 crystallographic direction. A sequence of such
representative images are shown in Figure 4.5 (a-c). Figure 4.5a portrays the appearance
of elongated ‘lens’ shaped etch pit pointed along the ends and steps approximately
parallel to 〈100〉 crystallographic direction when exposed to ri ' = 0.002 for 2.5 hours. To
test for reversibility of the step morphology the mineral surface in Figure 4.5a was reexposed to ri ' = 1 for 0.4 hours, resulting in the disappearance of vicinal 〈100〉 steps
(Figure 4.5b) and pointed ‘lens’ shaped etch pits. This was followed by another exposure
to the experimental solution at ri ' = 0.002. The absence of vicinal 〈100〉 steps and ‘lens’
shaped etch pits with pointed ends at ri ' =1 and their reappearance at ri ' = 0.002 (Figure
4.5c), suggests that stability of these features is a characteristic feature of the ion activity
ratio ri ' = 0.002 (i.e. of a very high SO42- activity).
In contrast to the observations in Figures 4.4 and 4.5, 〈120〉 step edges bounding
successive etch pits at ri ' = 1 in Figure 4.6a, do not show any noticeable morphological
changes when exposed to ri ' = 200 for ~ 2 hours (Figure 4.6b). Thus lack of any
significant change along 〈120〉 step directions at high Sr2+ activity is an interesting
observation compared to that observed at high SO42- activity. Also, there is no appearance
of steps along 〈100〉 direction at this high Sr2+ activity.
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Figure 4.4: Fluid cell AFM images showing the morphology of dissolution etch pits on
(001) celestite during dissolution at Ω = 0.63 as a function of Sr: SO4 ratio. Image size:
20µm x 20µm. The [010] steps maintain the original crystallographic direction, but the
original [120] steps become somewhat vicinal at Sr: SO4 = 0.002.
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Figure 4.5: Sequence of AFM images of celestite (001) in an aqueous solution at Ω =
0.63. (a) Image size: 15.0µm x15.0µm. Observation of [010], vicinal [120] and [100]
steps at Sr : SO4 = 0.002 after being exposed to Sr : SO4 = 1 for 1.8 hours followed by
Sr : SO4 = 0.002 for 2.5 hours (b) Image size: 10.0µm x10.0µm. Surface shows [010] and
[120] steps being re-exposed to Sr : SO4 = 1 for 0.4 hours after acquiring image (a). (c)
Image size: 11.89µm x11.89µm. Reappearance of [100] steps at Sr : SO4 = 0.002. The
surface was exposed to the solution with Sr : SO4 = 0.002 for 0.9 hours before acquiring
the image. These images show the surface appearance with dissolution at two different
ionic ratio conditions.
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Figure 4.6: AFM images during dissolution of (001) celestite at Ω = 0.63. (a) Image size:
2.0µm x 2.0µm. Successive etch pits observed at Sr : SO4 = 1. The etch pits show the
[120] steps. (b) Image size: 3.0µm x 3.0µm. The morphology of etch pits observed at Sr :
SO4 = 200. The [120] steps maintain their crystallographic orientation.
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4.5 DISCUSSION

4.5.1 Dissolution kinetics of celestite at solute nonstoichiometry

The Zhang and Nancollas kinetic model is compared to the data sets of 〈010〉 and
〈120〉 step speeds as well as the dissolution rates plotted as functions of ri ' . The

graphical representations showed close agreement with the theoretical reaction trend thus
reaching reaction maxima at ri ' =1, in Figures 4.2a, 4.2b and 4.3 respectively.
According to the model, the reaction rate will have a maximum value at ri =1. In
the present study, the dissolution reaction rate reached maximum at ri ' =1 implies that
k Sr 2 +
k SO 2 −

= 1. Thus reaction rate being maximum at ri ' =1 indicates equal attachment

4

frequency factors or equal attachment constants for Sr2+ and SO42- ions. At the
experimental condition of near saturation state, the detachment frequencies of both ions
being considered equal, dissolution of celestite was thus controlled by the attachment
rates of the individual ions. k Sr 2 + = k SO 2 − the kinetic ionic ratio reached unity at
4

[ Sr 2 + ]
2−
[ SO4 ]

= 1, as a consequence of which maximum dissolution rate occurred at a particular
solution composition corresponding to the activities of the constituent ions in
stoichiometric condition (i.e. at equal activity of Sr2+ and SO42-). Thus it can be
concluded that at a near equilibrium condition, the equivalent detachment coefficients of
Sr2+ and SO42- ions as well as the equal attachment rates of the two ions promoted the
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overall dissolution reaction rate to reach maximum at the condition of solution
stoichiometry (Sr2+activity being equal to the SO42- activity).
The moderate deviation of the experimental data from that of the theoretical trend
for the step speeds and dissolution rates at values of ri ' > 50 indicates that the application
of the model developed for a symmetric crystal may not be entirely appropriate on a non
symmetric system. Model fitting on an asymmetric mineral system can be improved by
the application of Kinetic Monte Carlo (KMC) simulation on the reaction rates as
obtained from the present experiments. Therefore mathematical modeling based on
experimental rates could have potentially provided a more physically-justified model on
celestite dissolution in terms of solute nonstoichiometry.

4.5.2 Dissolution morphological features on celestite at solute nonstoichiometry

As shown by the AFM images, solute nonstoichiometry resulted in changes of
surface etch pit shapes at a high SO42- activity of ri ' = 0.002 (Figures 4.4 and 4.5a&c).
While at ri ' = 0.002 changes were observed along 〈120〉 steps bounding the etch pits, no
significant change was observed at a high Sr2+ activity of ri ' = 200 (Figure 4.6). The
observations under conditions of high strontium or sulfate activities can plausibly be
explained in terms of the ionic arrangement along the 〈120〉 step edge. Figures 4.7a and
4.7b are simple schematic representations of celestite (001) surfaces. The surface in
Figure 4.7a shows traces of steps along 〈120〉 and 〈010〉 crystallographic directions
bounding a triangular etch pit structure formed by removal of constituent ions. While
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steps along 〈010〉 direction consist of either Sr2+ or SO42- ions causing positively or
negatively charged polar steps, there are alternating Sr2+ and SO42- ions along the 〈120〉
direction causing non-polar steps. Thus during dissolution both positively and negatively
charged sites are exposed either by ion-by-ion or ion pair removal process along 〈120〉
steps. As evidenced from Figure 4.7b, due to the presence of mirror plane symmetry
perpendicular to the 〈010〉 steps, kinks of opposite sign are equivalent in this direction
unlike that along the asymmetric 〈120〉 steps. Kinks formed by removal of ions along the
two step directions are marked by solid lines in the figure.
At near equilibrium when dissolution occurs under a condition of very high Sr2+
activity ( ri ' = 200), solid fluid interaction would then lead to preferential attachment of
Sr 2+ ions to the available negatively charged sites on dissolving 〈120〉 steps. Thus Sr2+
terminated kinks would form at high Sr2+activity as shown in Figure 4.8a representing a
bilayered celestite (001) surface. Steps ‘1’ and ‘2’ are the two possible orientations of the

〈120〉 steps and ‘A’, ‘B’, ‘C’, ‘D’, ‘E’, ‘F’, ‘G’ and ‘H’ are the eight sites for all possible
strontium kinks. The Sr 2+ ions at the kink sites on 〈120〉 steps ‘1’ and ‘2’ are represented
by their respective Sr-O bond distances as shown in Table 4.1. Along the Sr 2+ limited
step ‘1’, the average Sr-O bond distance of Sr2+‘A’ being ~ 2.83 Å is less than that of Sr2+
‘B’ (average Sr-O ~ 2.87 Å). Similarly along the same step average Sr-O bond distance
of Sr2+ ‘C’ being ~ 2.83 is less than the average Sr-O distance (~2.87 Å) for Sr2+ ‘D’. A
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Figure 4.7: Schematic representing (001) surface of celestite. (a) The surface shows
arrangement of Sr2+ and SO42- ions along [120] and [010] crystallographic directions
bounding an etch pit structure. While alternating Sr2+ and SO42- ions present along 〈120〉
direction cause non-polar steps, straight steps along [010] consist of either Sr2+ or SO42ions causing positively or negatively charged polar steps. (b) Kinks formed by removal of
ions are marked by solid lines along [010] and [120] directions.
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Figure 4.8: Schematic representing [120] steps on a bilayered celestite (001) surface. (a)
The dissolving surface at Sr : SO4 = 200 showing Sr2+ limited [120] step edges marked
‘1’ and ‘2’. The steps show all possible (eight) Sr2+ kink sites ‘A’, ‘B’, ‘C’ and ‘D’ on
step ‘1’ and ‘E’, ‘F’, ‘G’ and ‘H’ on step ‘2’.(b) The dissolving surface at Sr : SO4
= 0.002 showing SO42- limited [120] step edges marked ‘1’ and ‘2’. The steps show all
possible (eight) SO42- kink sites ‘a’, ‘b’, ‘c’ and ‘d’ on step ‘1’ and ‘e’, ‘f’, ‘g’ and ‘h’ on
step ‘2’ respectively.
(a)
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(b)
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Table 4.1: Sr-O bond distances for Sr2+ limited step dissolving along [120] direction
Figure and Step

Sr2+ position

4.8a – Step ‘1’

A

4.8a-Step ‘1’

B

4.8a-Step ‘1’

C

4.8a-Step ‘1’

D

4.8a-Step ‘2’

E

4.8a-Step ‘2’

F

Sr-O bond length [Å]

2.658
3.061
3.061
2.691
2.691
3.061
2.640
3.249
2.863
2.691
2.863
2.699
2..691
2.640
2.863
2.863
3.061
3.061
2.691
3.249
2.658
2.699
3.061
2.691
3.249
2.658
3.061
2.691
2.699
2.640
3.249
3.249
2.863
2.863
2.699
2.699
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Average bond
length [Å]
2.83

2.87

2.83

2.87

2.87

2.89

4.8a-Step ‘2’

G

4.8a-Step ‘2’

H

3.061
2.640
3.249
2.863
2.863
2.691
2.699
3.249
2.658
3.249
2.699
2.699
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2.87

2.91

difference of ~ 0.04 Å in the average Sr-O bond distance on step ‘1’ indicates that along
the asymmetric 〈120〉 steps, strontium ions attached to available kinks when viewed in on
one direction (viz. Sr2+marked ‘B’, ‘D’) appear slightly weaker bonded than those on the
opposite direction (viz. Sr2+marked ‘A’, ‘C’) to the neighboring oxygens. This is also
apparent along step‘2’where average Sr-O distance of 2.87 Å for Sr2+marked ‘E’ is lower
by 0.02 Å from the average Sr-O distance of 2.89 Å for Sr2+ ‘F’. Between Sr2+ ‘G’ (2.87
Å) and Sr2+ ‘H’ (2.91 Å) the difference between average Sr-O distance is ~ 0.04 Å. Thus
along 〈120〉 step ‘2’ strontium ions attached to available kinks in one direction (viz.
Sr2+marked ‘F’, ‘H’) are bonded weakly to their neighboring oxygens compared to those
on the opposite direction (viz. Sr2+marked ‘E’, ‘G’).
Similarly, when dissolution occurs at near equilibrium under a condition of high
SO42- activity ( ri ' = 0.002), solid fluid interaction would allow preferential attachment of
SO42- ions from solution to the available positively charged sites on dissolving 〈120〉
steps. As shown in Figure 4.8b, SO42- tetrahedra marked ‘a’, ‘b’, ‘c’, ‘d’ on 〈120〉 step ‘1’
and SO42- tetrahedra marked ‘e’, ‘f’, ‘g’, ‘h’ on step ‘2’ represent attachment of SO42ions to the available kink sites forming SO42- limited steps. The respective Sr-O bond
lengths for these SO42- tetrahedra are provided in Table 4.2. On step ‘1’, SO42- tetrahedra
marked ‘a’ and ‘c’ show average Sr-O bond lengths ~ 2.94Å and ~ 2.87 Å which are
different than those for the corresponding ‘b’(2.83Å ) and ‘d’ (2.90Å ) tetrahedra
respectively. Also it is shown that along step ‘2’, the average Sr-O bond distance for
SO42- ‘e’ being ~ 2.90Å is greater than that of ‘f’(2.80 Å) by 0.10 Å, while SO42- ‘g’ has
an average Sr-O distance of 2.83 Å being smaller by 0.04 Å than that for SO42- ‘h’ (2.87
Å) . Thus along all the adjacent kink sites on sulfate limited steps there are differences in
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average Sr-O bond lengths when viewed in opposing directions (difference ranges from ~
0.03Å to as large as 0.11 Å). This indicates stronger bonds for the SO42- tetrahedra ‘b’,
‘c’, ‘f’ and ‘g’ compared to that for the corresponding neighboring SO42- tetrahedra
marked ‘a’, ‘d’, ‘e’ and ‘h’ respectively. This substantially indicates that SO42- tetrahedra
integrated adjacently along an otherwise dissolving 〈120〉 step would look different in
terms of the bond attachment (i.e. strongly/weakly bonded) strengths when viewed from
opposing directions.
Dissolution of steps occurs by the process of double kink formation and
detachment at single kink sites. To maintain the original orientation of the dissolving
straight steps i.e. to avoid vicinality in step direction, the net rate of detachment at the
kinks should be equal (Jordan et al, 2001). In case of the SO42- limited step ‘1’, as
evidenced from the differences in Sr-O bond distances of ‘a’, ‘b’, ‘c’ and ‘d’ sulfate kink
sites, detachment of sites ‘a’ and ‘d’ would precede to that of ‘b’ and ‘c’. Again, between
the kink sites at ‘b’ and ‘c’, dissolution by detachment along ‘c’ type kink sites would
occur at a much faster rate than that at ‘b’ sites thus eventually leading to accumulation of
‘b’ sulfate kinks along the dissolving step. The difference in the net detachment rates of
the existing two kink types (viz. ‘b’ and ‘c’) would thus lead to the vicinal orientation of
the original 〈120〉 step. Similar to the 〈120〉 step ‘1’, there will be a difference in the net
rate of kink detachment on 〈120〉 step ‘2’ along its available kink sites. Sulfate kinks ‘e’
and ‘h’ being weakly bonded would detach faster than ‘f’ and ‘g’, resulting in eventual
accumulation of ‘f’ sulfate kinks along step ‘2’. Detachment occurring at faster rates
along ‘g’ kinks than along the stronger bonded ‘f’ sites would consequently result in a
difference of net detachment rates of the two kinks thereby causing vicinal step direction.
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Table 4.2: Sr-O bond distances for SO42- limited step dissolving along [120] direction
Figure and Step

SO42- position

Sr-O bond length [Å]

2.863
2.699
2.863
2.699
3.249
3.249
2.658
3.061
2.691
2.699
2.640
3.249
2.699
2.658
2.699
2.640
3.249
3.249

Average bond
length [Å]
2.94

4.8b-Step ‘1’

A

4.8b-Step ‘1’

B

4.8b-Step ‘1’

C

4.8b-Step ‘1’

D

2.863
3.061
2.863
2.691
2.699
3.249

2.90

4.8b-Step ‘2’

E

2.863
2.691
2.699
3.061
2.863
3.249

2.90

4.8b-Step ‘2’

F

2.691
3.061
3.061
2.658
2.691
2.640

2.80

120

2.83

2.87

4.8b-Step ‘2’

G

2.691
2.699
3.061
2.658
2.640
3.249

2.83

4.8b-Step ‘2’

H

2.863
2.691
3.061
3.061
2.863
2.691

2.87
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Therefore, it can be said that the difference in the net rate of kink detachment
along 〈120〉 steps accounts for the observed step vicinality at ri ' = 0.002 (Figures 4.4 and
4.5). Thus as dissolution occurred along 〈120〉 steps along the kink sites, the reactive
process eventually led to formation of numerous smaller kink sites thus orienting the step
in crystallographic directions other than the original 〈120〉 direction. Figure 4.9 illustrates
the simple schematic showing that how step dissolution occurs along kinks thus
promoting appearances of many more smaller kinks and causing a change in the
orientation of the original step direction. Figure 4.9a shows a dissolving step along
direction ‘A’ with kink sites nucleated on the step. In the schematic, ‘rkk’ represents
double kink sites and ‘rka’ and ‘rkb’ are the single kinks in opposing directions. As
dissolution proceeds by detachment of ions along the single kink sites, the process results
in the formation of multiple smaller kinks as shown in Figure 4.9b. This process causes
an apparent change in the original orientation of the step along direction ‘A’.
Hence, appearance of the ‘lens’ shaped etch pits or steps ~ 〈100〉 at the high
sulfate solution condition ( ri ' = 0.002) may be attributed to the differences in the net rate
of kink detachment leading to vicinal orientation along the original 〈120〉 steps.
However, despite the differences in bond strengths of adjacently integrated Sr
kinks on both 〈120〉 step ‘1’ and ‘2’ (Figure 4.8a), no significant morphological changes
were observed along 〈120〉 steps at high Sr activity as evidenced from the AFM images
(Figure 4.6). The lack of any observable changes in step orientation in 〈120〉 direction at
conditions of high strontium in solutions i.e. to what extent the bond strengths of
adjacently integrated Sr kinks determine the surface morphology is not known.
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The morphological changes evidenced during celestite dissolution at very high
sulfate activity ( ri ' = 0.002) compared to that at very high strontium activity ( ri ' = 200)
in experimental solutions reflect an important environmental attribute. In modern
seawater, sulfate is the second most abundant anion and the

[ Sr 2 + ]
≈ 0.003 (Hanor,
2−
[ SO4 ]

2000). Thus if it is thought that dissolution morphological features are reversed under
conditions of supersaturated solutions; then celestite growth might result in the formation
of crystals exhibiting geometries similar to that of the etch pits as shown in Figures 4.4
and 4.5 (a &c). Some images of celestite spicules of the acantharian species
Phyllostaurus siculus (Wilcock, 1988) show similarity in morphology to the etch pit
shape observed in Figure 4.4 at ri ' = 0.002. However, elongation of the spicules along
crystallographic ‘a’ axis unlike the etch pits being elongated along crystallographic ‘b’
axis indicates that spicule morphology is probably constrained by the biological factors
rather than the inorganic crystal reactivity mechanism. To be able to understand the
mineral reaction processes more thoroughly, future studies can be extended and
performed on celestite growth at different strontium and sulfate activities in solutions.
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Figure 4.9: Simple schematic representation of a dissolving step. (a) A dissolving step
along ‘A’ direction with kink sites formed. ‘rkk’ represents double kink sites and ‘rkA’ and
‘rkB’ represent single kinks in opposing directions. (b) The step dissolves by detachment
along single kink sites forming multiple smaller kinks causing apparent change in the
original orientation of the step along ‘A’ direction.

(a)

A
6

rkA
rkk

rkB

rkA

(b)

A
rkA
rkA
rkA
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rkk

4.6 SUMMARY

The AFM investigations presented above demonstrate that at a near saturation
state (Ω = 0.63) with respect to celestite, the mineral dissolution process was affected by
the differences in lattice ion activities in experimental solutions. A theoretical model in
terms of solution ionic ratio was applied to describe the trends of step speeds as well as
the dissolution rates. With regard to the retreat of 〈010〉 , 〈120〉 step edges and the
dissolution rates, the solution composition at which mineral reactivity trended towards
maximum was

[ Sr 2 + ]
= 1 . This suggested that maximum dissolution occurred when
2−
[ SO4 ]

strontium and sulfate activity in solution matched to that at the stoichiometric condition
indicating equivalent attachment constants for both strontium and sulfate ions. Thus it
can be concluded that at a near equilibrium solution condition, equivalent detachment
frequencies of both strontium and sulfate ions together with their equal attachment rates
(obtained from experimental observations) to kink sites controlled the overall dissolution
kinetics of celestite. The observed vicinality along 〈120〉 steps at a particular condition of
very high SO42- activity is attributed to step dissolution and integration of SO42- ions from
experimental solutions to available positively charged sites. The difference in average SrO bond distances and hence the difference in bond strengths of the integrating SO42tetrahedra in opposing directions along the asymmetric 〈120〉 steps caused differences in
the net detachment rates of kinks along the steps. This caused vicinal orientations of the
SO42- limited steps. To achieve an improved understanding of the results from the current

125

work, future studies should be performed to investigate the effect of solute
nonstoichiometry on the near-equilibrium dissolution behavior of other minerals.
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5. An experimental study of coupled BaSO4 dissolution - CrO42- sorption: showing
impacts of aqueous chromate on barite dissolution rates and a dynamic study of
sorption and transport processes of chromate through barite beds

Abstract

The interactions between aqueous CrO42- and barite surfaces were observed
through different laboratory experiments. Barite dissolution was studied both in absence
and presence of CrO42-(aq) to quantify the effects of impurity ions on substrate
dissolution rates as well as to explore the possible application of the interaction processes
in immobilizing CrO42- present in natural waters. Experiments on freshly cleaved barite
(001) surfaces by atomic force microscopy (at 70°C) and on powdered barite in mixed
flow reactors (MFRs at 25°C) were done specifically to address the impact of hexavalent
chromium on mineral dissolution rates. Reactive solutions were maintained
undersaturated with respect to both barite and barium chromate in the systems. The
decrease in barite dissolution rates in presence of different molar concentrations of
chromate (~ 2.3 times at about 1000 µM CrO42- from AFM experiments and ~ 2 times at
about 5 µM CrO42- from MFR experiments) was described by a reversible adsorption
phenomenon. The mechanism of coupled dissolution-sorption process resulted in
adsorption of aqueous chromate ions onto the surface reactive sites thus accounting for
reduced barite dissolution rates. Thus results from both AFM and MFR experiments
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established the potential of the adsorption process for removal of pollutant chromate in
waster waters by BaSO4 surfaces. To test the application of the sorption process in a
dynamic transport system, experiments were extended to be performed in one
dimensional plug flow reactor (PFR) system at 25°C. Transport of aqueous CrO42- (~ 4
mM) through porous barite surfaces was studied in terms of flow rate control. At all flow
rates, peak arrival times of aqueous CrO42- were delayed as compared to a conservative
tracer. The contaminant peaks also showed reduced peak concentrations indicating
contaminant retardation. Retardation factor of the contaminant was characterized by each
flow condition studied. As interpreted from the chromate breakthrough behaviors,
approximately reversible adsorption occurred showing an effect of flow rate on the
retention times. A continuous flow experiment at a lower concentration of 1µM CrO42(aq) also exhibited delay in its breakthrough for about 50 pore volumes indicating
considerable retention of the contaminant. The efficiency of barite in being able to retain
aqueous chromate appears to be a plausible means to efficiently clean chromate
contaminated waste waters in natural systems.

5.1 INTRODUCTION

Extensive use of chromium compounds in various industries (e.g. tanneries, wood
preservation facilities, electroplating and alloy manufacturing industries, dye and paint
manufacturing facilities, corrosion inhibitors in conventional and nuclear power plants,
ore and petroleum refineries, textile manufacturing industries) (Hayes 1996; Langard
1980; Nriagu 1988; Nyman et al. 2002) introduces hexavalent chromium into the
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environment. Cr (VI) release in the industrial or waste disposal sites is most frequently
detected due to poor storage, leakage or improper disposal (US EPA, 2000) and results in
high concentration spills of chromium. Hexavalent chromium is acutely toxic and very
soluble in the forms of CrO42- and Cr2O72- ions (US EPA, 2000). This form of chromium
is also a potential carcinogen if exposure is chronic (Keith et al.1979; Gibb 1999). Thus
toxic Cr (VI) as an environmental pollutant necessitates remediation if detected at
sufficiently high concentrations.
Remediation of toxic hexavalent chromium has been the subject of a large number
of studies over the past years. These studies have largely focused on the most typical
remediation technique i.e. reduction of toxic Cr (VI) to less mobile and less toxic Cr (III)
by various methods. The methods include Cr (VI) reduction by MnO2 in presence of
reduced MnO (manganese oxide) and organic acids from soil organic matter; in presence
of natural reductants like soluble ferrous Iron –Fe (II); also reduced sulfur compounds,
soil organic matter (fulvic acid, humic acid, humin) can serve as reducing agents for Cr
(VI) in many suboxic and anoxic natural systems (US EPA 2000; Wittbrodt et al, 1996;
Hua et al, 2003; Stewart et al, 2003). Microbial respiration of Fe (III) and SO42- generates
Fe (II) and S2-, thus indirectly affecting Cr (VI) in the Cr cycling (Nyman et al, 2002). It
has been studied that native microbial population can reduce hexavalent chromium under
vadose zone conditions (Oliver at al, 2003). Other studies have also proved in-situ natural
Cr (VI) reduction by microbial population (Nyman et al, 2002; Alam 2004) to be the
most attractive process thereby avoiding the cost of excavation and waste disposal.
However since natural attenuation rates are very slow this cannot be the only choice of
hexavalent chromium remediation. Thus in most cases, reductants like H2S (Thornton et
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al, 1999), aqueous Fe (II) (Seaman et al, 1999), reduced Fe solid barriers (Blowes et al,
1997), carbon sources – manure, molasses, organic acids (Losi et al, 1994; Higgins et al,
1998c; Henry et al, 2001) are injected into groundwater and soil to accelerate Cr (VI)
reduction process (Tokunaga et al, 2003). Studies have also shown enhanced
effectiveness of Cr (VI) biodegradation in presence of ample supply of natural organic
matter (Tokunaga et al, 2003; Gu et al, 2003).
Though immobilization of Cr (VI) prior to clean-up often involves reduction to Cr
(III); however, alternative immobilization methods such as the co-precipitation of
chromate with barium sulfate may be more effective in some circumstances. A number of
recent publications have focused on studying the interaction between aqueous CrO42- and
sulfate (barite), which show that sorption or precipitation of CrO42- may also be a
competent way of aqueous CrO42- removal. That a complete solid solution series occurs
between barite (BaSO4) and hashemite (BaCrO4) (Bostrom et al, 1971) is both
environmentally and geochemically important since it results in the precipitation of toxic
CrO42- bearing phases on the barite mineral surfaces due to substitution of SO42- by CrO42ions present in solution. Experiments done at different SO42-/CrO42- ratios in solutions at
high supersaturation showed that in the Ba(SO4 , CrO4) –H2O system, the substituting
ions incorporated into the solid in a stoichiometric proportion to that in the aqueous phase
resulting in the solids being enriched in the more soluble endmember BaCrO4
(Fernandez-Gonzalez et al, 1999). Insitu nanoscale (AFM) experiments studying
hashemite growth on barite (001) surfaces revealed that epitaxial hashemite growth was
heterogeneous, characterized by a complete and easy growth of the first epitaxial layer of
hashemite on barite. Growth of the first layer was followed by subsequent two

130

dimensional nucleation but at a lower rate which was due to development of significant
intrinsic stress on these layers (Shtukenberg et al, 2005). Becker et al (2006) studied the
thermodynamic properties of the BaSO4 - BaCrO4 and showed that the solid solution
between the end members was close to ideal solid solution. Growth experiments of
chromate rich hashemite (BaCrO4) on barite by atomic force microscopy (AFM)
indicated lesser growth anisotropy of hashemite compared to barite. Also, hashemite
exhibited spatially more extended spiral growth which on the other hand was selfinhibited in barite. Difference in growth anisotropy by molecular simulations was
explained by the lower step energy difference between bounding steps of hashemite
growth islands compared to that on barite. Both microscopic and macroscopic (batch and
flow through) experiments confirmed higher growth rates of hashemite than that of barite
(Becker et al, 2006). Experiments with barite and quartz in silica hydrogel for diffusion
of chromate ions at pH 5.5, showed sorption of CrO42- ions much effective on barite bed
compared to that on quartz. The study showed long term Cr (VI) uptake by epitaxial
overgrowth of Ba(CrO4, SO4) on barite and the crystals as formed had composition
around BaCr0.89S0.11O4. This indicates significant removal of pollutant Cr (VI) is possible
from aqueous phase if diffusion occurs through barite bed (Prieto et al, 2002). Prior
studies thus indicate that it will be challenging to explore how naturally occurring barite
surfaces would stimulate the sequestration of aqueous CrO42-, thereby allowing us to
evaluate the potential of coupled BaSO4 dissolution – CrO4 sorption/precipitation
reaction in cleaning the contaminant from polluted waste waters. The present study builds
upon these previous studies on barite- CrO42- interaction by performing coupled barite
dissolution - CrO42- sorption experiments

131

A number of previous studies have also led to hypothesize that presence of
aqueous CrO42- as an impurity ion during barite dissolution will inhibit the dissolution
process and as a result will influence the rates of reaction. For example, the dissolution
rate of SrSO4 showed considerable retardation in presence of phosphate ions in solution.
The reduced dissolution rate has been attributed to the adsorption of phosphate ions at the
crystal surfaces, as indicated by the radiotracer experiments (Campbell and Nancollas,
1969). That Sr2+ ion inhibits calcite dissolution has been demonstrated by number of
studies. A study by Lea et al (2001), revealed the AFM observations on calcite
dissolution in presence of Sr2+ as an impurity. Although at low concentrations, presence
of Sr2+ did not show any significant effect on calcite dissolution rate (in terms of step
velocity –Vss), at higher Sr2+ concentrations the step velocities (Vss) reduced steadily.
Here Vss refers to the summed step edge migration velocities of the obtuse [48 1 ]+ ,
[ 4 41] + steps and acute [481] –, [ 4 41] – steps respectively. For example, at [Sr2+] =
2.5µM (ΩSrCO3 = 0.33), no significant change was noted in Vss. But at [Sr2+] = 24 µM
(ΩSrCO3 = 3.5), Vss was about 60% of that in absence of aqueous Sr2+. Another AFM study
(Hay et al, 2003) showed the effect of Sr2+ ions on calcite dissolution under solution
conditions supersaturated with respect to SrCO3. In this study, partitioning of Sr2+
towards the obtuse step edges on calcite influenced the mineral dissolution rate and
showed formation of overgrowths containing new phases as seen in frictional images
obtained by AFM. Combined results from atomic force microscopy (AFM) and vertical
scanning interferometry (VSI) studies also showed the effect of Sr2+ ions on calcite
dissolution (Vinson et al, 2005). In this study, Sr2+ showed a significant inhibitory effect
on the step velocities along [441] and [481] crystallographic directions as well as on the
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nucleation and growth of etch pits. Experiments also demonstrated an enhanced effect of
Sr2+ sorption on the dissolving calcite surface in CO2 saturated solution, resulting
impartial passivation of mineral surface with the precipitation of a secondary Sr-bearing
phase. Besides studying the impact of Sr2+ ion on calcite dissolution, experiments were
also done to find effects of other impurity ions on mineral dissolution kinetics. Integrated
VSI and AFM experiments reflected how dissolved Mg2+ inhibits calcite dissolution. At
conditions far from equilibrium, in alkaline carbonated solutions, interfering effect of
Mg2+ was primarily pronounced on the obtuse step motion on calcite surfaces. In
carbonated solutions at [Mg2+] as high as 0.8 x 10-3 M, significant inhibition to calcite
dissolution (in terms of step motion) was observed as the obtuse step velocities reduced
to near zero and the dissolution by etch pit growth occurred by acute step movements
only. At similar Mg2+ concentration, in solution free of CO2, dissolved Mg2+ showed little
inhibition to calcite dissolution. This suggests that, to some certain extent magnesium
inhibition is dependent on the solution composition (Arvidson et al, 2006). Microscopic
effect of Mn2+ on step migration rates was studied on calcite surface by Lea et al (2001).
The AFM observations revealed that at [Mn2+] less than 0.5µM, step velocity Vss
decreased considerably. At [Mn2+] = 2 µM, Vss was more than an order of magnitude
smaller than that at [Mn2+] =0.5 µM. AFM experiments on calcite dissolution in presence
of impurity ions Cd2+ or La3+ similarly showed substrate dissolution inhibition (Hay et al,
2003). Cd2+ was found to passivate surface steps and etch pits thus hindering further
calcite dissolution in conditions undersaturated relative to CdCO3. However, inhibition to
calcite dissolution, as well as growth of cadmium containing overlayers was only noted at
conditions supersaturated with respect to CdCO3. Dissolved La3+ reacted vigorously with
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calcite surfaces and got bound to all available step sides thus preventing further substrate
dissolution. The reaction phenomenon as reported in all the above mentioned studies on
calcite is dissolution of the mineral in reactive solutions undersaturated with respect to
calcite, while the impurity ions (Sr2+, Mn2+, Cd2+, Mg2+ or La3+) undergo significant
adsorption/precipitation reaction onto the mineral surfaces (Lea et al, 2001) thus
inhibiting dissolution of the reacting substrates. That presence of aqueous impurity
molecules also impacts surface morphological features of the reacting minerals has been
observed in a number of AFM studies. Modification of etch pit shapes in presence of
additive ions has been reported in previous studies as observed on calcite in presence of
cobalt (Freij et al, 2004), magnesium (Arvidson et al, 2006), zinc (Freij et al, 2005),
carbonate (Lea et al, 2001) due to adsorption of additive solutes along the steps bounding
the etch pits.
In the light of the previous studies, the present project is thus built upon the
hypotheses that aqueous CrO42- would impact barite dissolution kinetics and interactive
reaction at the barite-water interface would potentially retain aqueous CrO42-.
The present laboratory study is comprised of experiments on barite dissolution in
the absence / presence of aqueous chromate by different approaches. The initial
dissolution experiments on barite in presence of aqueous CrO42- are designed using AFM
to understand the mineral-contaminant reaction at molecular level. AFM experiments on
mineral surfaces in real time have enabled measuring dissolution rates as well as the
observation of molecular level surface topography changes under different experimental
conditions. To be able to link experimental studies to potential field application,
experiments from initial AFM understanding are extended to macroscopic scale with bulk
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barite powder in mixed-flow reactors (MFR) and plug-flow reactor (PFR) systems.
Mineral dissolution experiments in mixed flow reactors are done particularly to
understand bulk powder dissolution process and calculate dissolution rates as contributed
by the mineral as a whole (from all the individual mineral faces) in a well mixed system,
the reactive solution composition being maintained throughout. Bulk mineral powder
dissolution experiments in a plug flow reactor are done to simulate field scale transport
limited mineral reactions in a continuous flow through system as the reactive solution
gets pumped through the powdered bed of mineral grains and the contaminant gets
transported. Prediction of the contaminant fate in natural systems depends largely on
understanding and modeling of the important mechanisms like transport, dispersion and
concentration of the contaminant in the reactive medium (Martin-Gartin et al, 2002). Plug
flow reactor systems greatly mimic the natural flow through setting and thus
extrapolation of data from these PFR experiments allows the development of models
which can conceptually describe the real world application. Thus results deduced from
the PFR experiments in this present study will aid the determination of chromate fate in
natural waters while interacting with natural barite. Results from AFM, MFR together
with the PFR experiments will therefore provide new insight into the effects of the
presence of barite in the flow path of aqueous CrO42-. The goals of the present study
include:
1)

better understanding of the interaction between aqueous CrO42- and barite

surfaces
2)

quantification of the impact of CrO42- sorption on barite dissolution rates
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3)

assessing the potential of coupled barite dissolution / CrO42- sorption

reactions in cleaning contaminated waters.

5.2 BACKGROUND STUDY

Chromium (Cr) is a transition metal and occurs under several oxidation states
from 0 to +6. However, the most common forms are trivalent chromium – Cr (III) and
hexavalent chromium – Cr (VI). Cr (III) occurs naturally as chromite ore (FeCr2O4) and
can also be found in some fruits, vegetables and meat in low levels. Being needed as an
essential nutrient, this particular species of chromium is often added to vitamin
supplements. Cr (III) is largely immobile in water under slightly acidic to moderately
alkaline condition. As a result natural waters contain traces of Cr (III) except at very low
pH (US EPA, 2000).
Hexavalent chromium occurs under strong oxidizing conditions as an anion and is
mostly present as chromate (CrO42-). Occurrence of Cr (VI) is usually associated with
anthropogenic activities due to extensive usage of Cr (VI) compounds in various
industries (Hayes 1996; Langard 1980; Nriagu 1988; Nyman et al. 2002). The high
solubility and mobility of Cr (VI) allows its easy transportation with groundwater and as
reported by Palmer et al (1994), Cr (VI) moves at the same rate as groundwater flows and
becomes an element of concern. It has been detected as a potential contaminant in the soil
and groundwater and the US EPA has set a standard value of 0.1 mg/L total chromium as
the maximum contaminant level (MCL) for chromium in drinking water (US EPA, 1995).
Thus sites with high enough chromium concentrations may pose significant
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environmental and health risks and require urgent remediation for chromium
contamination.
Significant concentrations of Cr (VI) have been detected in a number of sites in
US as well as in other parts of the world. Following the years of weapon production in
the US DOE Hanford site in Central Washington, the Columbia River has been polluted
by different groundwater plumes. One of the many plumes in this site is reported as a Cr
(VI) containing plume (US EPA, 2000; Oliver et al, 2003; Zachara et al, 2004; Farag et
al, 2006). In Aromas Red sand aquifer, central California where 70-100% of the total
chromium was detected as Cr (VI) had a concentration of hexavalent chromium ranging
from 6-36 µg/L (Gonzalez et al, 2005); and in the soils in areas in Hudson County, N.
Jersey from the residues of chromite ore processing substantially used as fill and tank
diking (Paustenbach et al. 1991) with concentration recorded as 75 mg/L of Cr (VI).
Significant Cr (VI) contamination has also been detected in some other parts of
the world. Clay-like black sediments from a stream in Dongducheon city, Korea, was
found contaminated with Cr (700 mg/L) from local pigment manufacturing facilities (Lee
et al. 2006). An average chromium level of 521.3 mg/kg was recorded from the soils in a
heavily industrialized belt (pharmaceutical, chemical, steel, textile, chrome plating and
pigment production etc,) near Thane-Belapur in Mumbai, India. This industry produced
Cr (VI) has contaminated the land and groundwater around the area due to improper
disposal (Krishna and Govil, 2005). Surface and groundwater samples from a region in
Karachi (Sindh, Pakistan) were detected with 0.10 and 0.03 mg/L of chromium
respectively due to industrial and domestic influences (Haq et al, 2005). In the river
sediment samples along the Babon River, in the city of Semarang, Indonesia, high levels
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of Cr (75-165 µg/g) were detected in sites downstream of the tanneries along the river
(Takarina et al, 2004).
Thus the extensive consumption of chromium in a number of industrial activities
has led to widespread chromium contamination in soils and natural waters. This may
become a potential threat because of the toxicity factors associated with Cr (VI)
considered to be carcinogenic and having mutagenic effects (Langard, 1983; CieslakGolonka , 1996).
Some case specific studies have shown how Cr (VI) exposure is responsible for
certain diseases. An increased incidence of respiratory cancer was associated to a
chromate-production plant in Painesville, OH based on a mortality study of chromate
workers employed there for more than one year. Workers who worked with highly
soluble hexavalent chromium compounds in a chromium chemical production plant in
Baltimore, MD and suffered long term exposure were diagnosed with an increased
probability of lung cancer. In a chromium facility in England, workers who got exposed
to hexavalent chromium in the form of chromic acid mist and sodium dichromate dust
were on the high end of risk to deaths from malignancy of the lung and gastrointestinal
tract. A causal relationship between cancer and chromic acid exposure was determined
from a study on workers in nine Italian chrome plating plants. Other non cancer effects of
environmental Cr (VI) contamination as reported include oral ulcers, diarrhea, abdominal
pain, indigestion, nasal tissue damage, leukocytosis or presence of immature neutrophils
(Toxicological Review of Hexavalent Chromium, 1998). Besides the effects on humans,
chromium toxicity in plants may alter germination process, growth of different plant parts
and affect the total yield. Chromium can also cause harmful effects on processes like
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photosynthesis, water retentions and mineral nutrition (Shanker et al, 2005). The
discussion about the presence of chromium in the environment due to anthropogenic
activities and the hazardous effects associated with Cr (VI) urges the need of site
remediation to reduce risk of chromium exposure to the members of ecosystem.
The most typical remediation involves reduction of toxic Cr (VI) to less mobile
and less toxic Cr (III) by various methods (US EPA 2000; Wittbrodt et al, 1996; Hua etal,
2003; Stewart et al, 2003; Oliver at al, 2003; Nyman et al, 2002; Alam 2006). Reduced
Cr (III) is less mobile and often precipitates as solids like amorphous Cr(OH)3 (US EPA,
2000). The hydroxides precipitate above pH 5.5 and do not likely dissolve. Also higher
pH results in more negative charges on soil mineral surface as well as organic matter and
aids the sorption of Cr (III) (Stewart et al, 2003). Thus the different geochemical behavior
of Cr (III) and Cr (VI) allows the reduction as well as precipitation a remediation for
groundwater chromium contamination (Oliver et al, 2003). Effectiveness of microbial
reduction of Cr (VI) has been studied by various groups and different observations are
noted. Cr (VI) reduction was enhanced by the presence of microorganism strain
Shewanella putrefaciens CN3 2 and the rate varied with different fractions (differences in
size, aromaticity) of natural organic matter (Gu and Chen, 2003). A study showed that
microbial process can effectively reduce Cr (VI) with a good supply of organic carbon
while otherwise the process becomes insignificant in soils exposed to 10000 mg/L Cr
(VI) solutions, receiving very little or no organic carbon. This suggests that organic
carbon addition facilitates biodegradation of Cr (VI) even at its very high concentrations
(Tokunaga et al, 2003). In batch and column experiments dissimilatory metal reducing
bacteria (DMRB) Shewanella algae BrY was found to reduce surface associated Fe (III)
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to Fe (II) which in turn was capable of chemically reducing Cr (VI) to Cr (III) according
to the reaction as below:
3Fe2+ + CrO42- + 5H+ → 3Fe3+ + Cr (OH)3 + H2O

(Nyman et al, 2002).

For concentration ranging from 0.32 mg/L to 2.85 mg/L, effective bioreduction of
Cr (VI) was also studied in presence of bacterial strain Shewanella oncidensis MR-1
(MR-1) under anaerobic conditions (Alam, 2006).
The traditional technologies that are usually applied in real systems include
permeable reactive barriers, addition of reductants, pump & treat method, reactive zones,
geochemical fixation or natural attenuation (US EPA, 2000). Some examples of
chromium cleanup are reported as follows – the Cr (VI) concentration in the perched
aquifer which got contaminated from a paper mill on Delaware River, reduced from 85
mg/L to 50 µg/L by treatment with ferrous sulfate. The Cr (VI) concentration decreased
from 0.8 mg/L to less than 0.01 mg/L in wells where the groundwater was contaminated
from a wood treatment plant in Indiana. The groundwater was extracted, treated with
reductant and reinjected through upgradient soils and groundwater. Reductant treatments
were also done in sites in Northern California, South Carolina, and South Australia. In
many sites of Canada and USA, insitu permeable reactive barriers (PRBs) were also used
for treating chromium by the Waterloo Center for Groundwater Research. In these
situations, the porous wall materials come in between the contaminant path and react with
the plume by reduction and precipitation. Fe0 was the mostly used barrier, as seen in
Elizabeth City, North Carolina. Also treatment zones were created to form permeable
zones by reducing aquifer ferric iron to ferrous iron in presence of reductants like sodium
diothonite, potassium carbonate to induce Cr (VI) reduction as seen in Hanford site,
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Washington. Biological treatment by adding molasses solution decreased Cr (VI)
concentrations from 15 mg/L to below 0.2 mg/L at an industrial site in Midwest United
States and from 1.95 mg/L to 0.01 mg/L at a site in Central Pennsylvania (US EPA,
2000).
Besides the typical practice of Cr (VI) reduction, another process that involves
partial immobilization of Cr (VI), is the sorption of hexavalent chromium on surfaces of
naturally occurring crystal/mineral surfaces. Hexavalent chromium as CrO42- ion
generally adsorbs to positively charged substances like iron oxides (Zachara et al, 1997;
Zachara et al, 1998). Also, coprecipitation of CrO42- occurs on the surfaces of sulfates
like barite (BaSO4) (Fernandez-Gonzalez et al, 1999; Prieto et al, 1997; Prieto et al, 2002;
Alia et al, 1999; Becker et al, 2006), forms solid phase barium chromate (BaCrO4) and
thus inhibits Cr (VI) flow with the groundwater.
The sorption/precipitation process of CrO42- on barite can be of particular interest
in the oxic environments thus promoting the control of Cr (VI) without reducing it to Cr
(III). In this system CrO42- substitutes SO42- from BaSO4 and binds electrostatically with
Ba2+ ions to precipitate as BaCrO4. Though other metal chromates like SrCrO4 or PbCrO4
can be precipitated, formation of BaCrO4 is of particular interest. This is important
because of the crystallography of these different minerals. Although BaSO4, SrSO4 and
PbSO4 are isostructural (Orthorhombic system); after ionic substitution, only BaCrO4–
hashemite (cation : anion radii ratio = 0.84) in nature shares the same Orthorhombic
structure of BaSO4 (cation : anion radii ratio = 0.96). The significantly smaller cationanion ratio in SrCrO4 (cation : anion radii ratio = 0.75) and PbCrO4 (cation : anion radii
ratio = 0.77) deforms the Orthorhombic SrSO4 (cation : anion radii ratio = 0.85) and
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PbSO4 (cation : anion radii ratio = 0.89) structure to Monoclinic system (Bostrom et al,
1971). Another important characteristic of the BaSO4 - BaCrO4 system is the occurrence
of a complete extensive solid solution between the two isomorphous end members. The
solid solution occurrence is both environmentally and geochemically significant. It can
lead to formation of solid phases of compositions in between that of the barite-hashemite
end members thus allowing incorporation of CrO42- into solid phases and promoting
sequestration of toxic hexavalent chromium. The large size of Ba2+ ion probably
stabilizes the barite structure in both the end members and is also the contributing factor
to the almost ideal solid solution. On the other hand, large miscibility gaps exist between
SrSO4 - SrCrO4 and PbSO4 - PbCrO4 (end members belonging to different crystal
systems) (Bostrom et al, 1971). These particular properties arouse the interest to perceive
the role of the sulfate mineral barite in arresting aqueous CrO42-. Understanding the
reaction behavior of BaSO4 - BaCrO4 under different experimental conditions will aid in
designing proper techniques to use barite mineral as an essential means of arresting
hexavalent chromium in real systems. Some studies on the properties of this solid
solution system have revealed certain important information. Experiments done in hot
aqueous solutions (100ºC and 400ºC) with various ratios of SO42-, CrO42- and required
amounts of cations like Ba2+, Sr2+ or Pb2+ confirmed the occurrence of complete solid
solutions between BaSO4 - BaCrO4 while miscibility gaps existed between SrSO4 SrCrO4 and PbSO4 - PbCrO4 (Bostrom et al, 1971). An analytical study (Meldrum et al,
1943) showed that CrO42- precipitation increased with increased acid concentration and
more CrO42- coprecipitated with greater CrO42-- SO42- ratio from solutions containing
Ba2+, CrO42- and SO42- ions. Experiments done in double diffusion system by counter
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diffusion of BaCl2 and Na2SO4 + Na2CrO4 through a column of silica hydrogel at pH =
5.5 revealed exciting information as studied by different groups. Due to similarity in the
solubility products of the end members, BaSO4 - BaCrO4 solid solutions crystallized in an
evenly distributed way (Prieto et al, 1997). Equilibrium behavior in Ba (SO42- - CrO42-) –
H2O system showed preferential partitioning of BaSO4 towards the solid phase. This
indicated substituting ions not incorporating into the same stoichiometric proportion as in
the aqueous phase at equilibrium (Fernandez-Gonzalez et al, 1999). However,
crystallization at higher supersaturation has substituting ions in a ratio approximately
unity thereby weakening the preferential partitioning. Since the partitioning coefficient
approach unity, precipitating crystals undergo gradual compositional variation
(Fernandez-Gonzalez, 1999; Prieto et al, 1997) and at high supersaturation the solid
phase gets enriched with the more soluble endmember BaCrO4 (Fernandez-Gonzalez,
1999). Experiments with barite and quartz gel beds at pH 5.5, showed sorption of CrO42ions much effective on barite bed. This indicates that significant CrO42- removal is
possible from aqueous phase if reaction occurs through barite bed (Prieto et al, 2002).
Based on the information as documented in some of these prior studies, it seems
that presence of barite in the pathway of CrO42- can serve as a probable hindrance to
aqueous CrO42- flow. However, since this particular avenue of CrO42- sequestration has
not yet been explored thoroughly, to determine its application in real systems, more
improved relevant laboratory studies are required to understand the intricacies of the
reaction processes. To design and plan on this method as an effective field application the
present study has been developed based on a number of well designed laboratory
experiments.
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5.3 EXPERIMENTAL SECTION

In the present study, coupled barite dissolution/CrO42- sorption experiments were
performed using natural barite crystals. Barite crystals (Morocco) were obtained
commercially from Ward’s Minerals. The barite (BaSO4 space group: Pnma; a = 8.87Å, b
= 5.45 Å, c = 7.14 Å & Z = 4 ) (Higgins et al.,1998a) mineral specimens used in the
experiments were colorless. In the following paragraphs different experimental
approaches are discussed.

5.3.1 Microscopic Approach (AFM)

Fresh surfaces of barite (001) were obtained by cleaving the barite crystals with the
aid of a sharp razor blade along the natural cleavage planes. The dimensions of the
mineral specimens prepared were approximately 0.3 cm x 0.5 cm x 0.1 cm. Insitu real
time experiments were performed using a novel hydrothermal atomic force microscopy
(HAFM; Higgins et al. 1998b) built in our laboratory. The instrument enabled
investigation of the barite-liquid interface at a high temperature of 70°C by applying
pressure to the fluid. Since barite is not very reactive at room temperature, to get some
initial data on the reactivity of the mineral both in absence/presence of aqueous CrO42-, a
relatively high temperature of 70°C was chosen. The freshly cleaved crystals were
affixed mechanically by the aid of a thin gold wire onto the sample holder stage of the
closed fluid cell which had an easy approach of switching to different experimental
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solutions. Tubing with the experimental solution was switched inline with the flow path
using an eight-port chromatography valve (Valco). The fluid cell was designed to
produce a vertically impinging fluid jet onto the sample surface within 2mm of the AFM
probe. This “wall-jet” (Compton et al, 1992) flow configuration produced an effective
residence time at the tip-sample contact of approximately 60 ms, which aided the study of
the transient process (Bose et al, 2008). Imaging by the microscope was done in constant
contact and commercial, uncoated silicon cantilevers (Nanosensers, nominal spring
constant of 0.2 N/m) were used for imaging. All experiments began with deionized water
to condition the mineral surfaces by establishing characteristic dissolution features before
switching to other experimental solutions. Step displacements were calculated from the
change in position of particular steps with time in consecutive image frames (Bose et al,
2008). Dissolution rate rd (mol cm-2 s-1) was calculated using the formula:

rd = n x hs x Vm-1

(1)

where n is the number of layers per time, hs is the step height (cm step-1) and Vm-1(cm3
mole-1) is the barite molar volume. In this work, the step height taken of monolayer steps
(3.57Å) was used in Equation (1). Calculation of Vm was based on molar mass and
density. The density of BaSO4 (Klein & Hurlbut, 1999) used in the calculation was 4.48
g cm-3.
Experimental solutions were prepared from high purity reagents of NaCl, Na2SO4,
BaCl2·2H2O and Na2CrO4·4H2O in deionized water (resistivity: 18 MΩ cm). To
determine the activities of ions in the prepared stock solutions (from the reagents as
mentioned) an ion selective electrode method was used (Bose et al, 2008). Sodium and
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chloride ion selective electrodes were used to determine the concentrations of the
corresponding ions in the Na2SO4, BaCl2·2H2O and Na2CrO4·4H2O stock solutions from
which SO42-, Ba2+ and CrO42- concentrations were calculated. In the preparation of
experimental solutions of different saturation states with respect to BaSO4 and BaCrO4,
background electrolyte solution (NaCl) was added to adjust the ionic strength to 0.01M.
Experiments were also performed in solutions containing different molar concentrations
of aqueous CrO42-. pH of all the solutions was adjusted to ~ 8.4. The saturation state of
each solution was calculated by using Visual MINTEQ (ver 2.23) software. The solution
speciation calculations were charge balanced to Na+ to obtain pH = 8.4. The pH of ~ 8.4
was chosen because chromium in aqueous solutions remains mostly as CrO42- ions under
this condition (US EPA, 2000). The solute activity coefficients were calculated based on
the Extended Debye-Huckel equation. Table 5.1 shows the thermodynamic equilibrium
constants used in the solution speciation calculation.

5.3.2 Macroscopic Approach (Mixed Flow Reactor – MFR)

Mixed flow reactor experiments were performed by grinding barite crystals to
fine powder using an agate mortar which was then sieved to obtain the 75-149 µm size
fraction. Mineral grains in the range of this size fraction were chosen to constrain the
effect of reactive surface area on maintaining undersaturated solution conditions in the
reactors. Steady state during each experiment was attained by changing the flow rate
and/or mass of solid used. Geometric surface area (~ 119 cm2 g-1) of the powdered
sample was determined by assuming spherical grains of approximately 112 µm diameter.
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Mineralogical composition of the powdered barite was determined using atomic emission
spectrometry (AES). The impurities contained in the powder samples are shown in Table
5.2. Experiments were performed at 25 ± 0.3°C (maintained in a water bath) in mixed
flow reactor systems consisting of plastic beakers (Azlon) of 250 mL volume covered
with plastic lids. A schematic of a Mixed Flow Reactor system (Cubillas et al, 2005) is
illustrated in Figure 5.1. Continuous stirring occurred by using floating Teflon covered
magnetic stirrers and Thermolyne Cimarec stirring plates. Reactive experimental
solutions without/with aqueous chromate were injected into the MFR s using a
Masterflex Cole Parmer cartridge pump with flow rates (Q) (mL s-1) ranging from 0.004
mL s-1 - 0.043 mL s-1. The Teflon tubing used to connect to the MFRs had an inner
diameter of ~ 1.6 mm (1/16 inch) and an outer diameter of ~ 3.2 mm (1/8 inch). Input
CrO42- concentrations (ci) (mol L-1) in the chromate containing solutions ranged from 2
µM – 0.096 mM. All experiments were started by placing certain mass (M) (g) ranging
from 0.025-2 g of ground barite powder of mass normalized geometric surface area (A)
(119 cm2 g-1) in reactors. Before starting the flow of the experimental solution into the
reactors, each reactor was filled with the experimental solution, sealed and detached from
the outer environment during the entire duration of the experiments (Cubillas et al, 2005).
Under conditions of continuous flow, reacted solutions came out of the reactor systems
through 0.2 µm nitrocellulose filter membranes.
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Table 5.1: Equilibrium constants used in solution speciation calculation

Reaction

log K (T = 298K)

H+(aq) + SO42- (aq) = HSO4-(aq)
Na+(aq) + Cl-(aq) = NaCl(aq)
Na+(aq) + OH- (aq) = NaOH(aq)
Na+(aq) + SO42-(aq) = NaSO4-(aq)
Ba2+(aq) + Cl-(aq) = BaCl+(aq)
Ba2+(aq) + OH-(aq) = BaOH-(aq)
Ba2+(aq) + SO42-(aq) = BaSO4(aq)
BaSO4(s) = Ba2+(aq) + SO42-(aq)
H+(aq) + CrO42- (aq) = HCrO4-(aq)
Na+(aq) + CrO42-(aq) = NaCrO4-(aq)
2H+(aq) + CrO42- (aq) = H2CrO4(aq)
BaCrO4(s) = Ba2+(aq) + CrO42-(aq)
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1.99
-0.3
0.1
0.74
-0.03
0.64
2.1
-11.43
6.51
0.69
6.3
-10.6

Table 5.2: Impurity mineralogical composition of barite used in dissolution experiments (Concentration of elements in ppm)

Sample

Sr

Barite

1200±5.1

Mg
90±4.1

Fe

Pb
0

6000.0±818.5
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Mn

Ca
0

450±5.5

K
0

Na
0

Figure 5.1: Schematic showing different parts of a mixed flow reactor system (MFR).
The labels in the figure illustrate the following parts: (1) Influent beaker (2) Masterflex
Cole Parmer cartridge pump (3) Stirring plate (4) Azlon plastic beaker (250 ml) (5)
Plastic lid (6) Magnetic stir bar (7) Inflow port (8) Outflow port (9) Air exit (10) Outflow
beaker (11)
Flow path tubing
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The total duration of the experiments ranged from 9 hours to 100 hours. Mechanical
steady-state in the system was attained when the fluid volume exited through the reactor
(VT) was five times the volume of the reactor (Vt = 250 ml) i.e. when τ = 5. τ is given by
the expression as follows:

τ = VT /Q

(2)

where Q is the flow rate (ml s-1). Both inlet and outlet solutions were collected and
analyzed for Ba2+, SO42- and CrO42- concentrations. Inlet and outlet concentrations of the
analytes were denoted by ci and co (mol L-1) respectively. Since these experiments were
performed primarily to understand the effect of aqueous chromate on barite dissolution,
dissolution rates of barite were calculated under different conditions using the following
expression:
rd = Q x (co – ci ) / (M x A)

(3)

Experimental solutions were pH adjusted deionized water or CrO42- containing
solutions with background electrolyte NaCl of 0.01 M concentration. Reagent grade
Na2CrO4 was used to prepare experimental solutions of different CrO42- composition.
Inlet and outlet solutions were analyzed for barium, sulfate and chromate concentrations.
Barium and sulfate concentrations were measured by Dionex ion chromatography (IC)
with a precision of ± 0.2 % and a detection limit of 0.05 µM for sulfate and of 0.15 µM
for barium. The detection limits were arrived on the basis of peak heights of the lowest
standards analyzed in each case and in terms of the noise amplitudes of the
chromatogram base lines. Chromate concentration was measured by Ocean Optics visible
spectrophotometer, the instrument being sensitive to concentrations in the range of 0.5µM
- 0.05mM with a measurement precision of ± 3.4 %. A colorimetric method (EPA
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Method 7196A-5, 1992) as discussed in Chapter 2, was used for determination of
hexavalent chromium concentration in influent and effluent solutions from the powder
experiments. The methodology involved reaction of sample / standard solution with
diphenylcarbazide in acid solution (by H2SO4 addition) to develop a characteristic red
violet coloration. The sensitivity of the colored solution was then measured for
photometric absorbance at 542 nm to record the chromate concentration. pH of all the
experimental solutions was maintained at ~ 8.4 throughout the experimental duration
while experimental solutions were continuously purged with N2 to drive out any
atmospheric dissolved oxygen. The saturation states with respect to BaSO4 and BaCrO4
from each MFR experiments were calculated by visual MINTEQ (ver 2.23) software on
the basis of Ba2+, SO42- and CrO42- concentrations in the system as calculated from the
output and input solution analyses.

5.3.3 Macroscopic Approach: Column/Plug Flow Reactor

Experiments were performed at 25 ± 0.3°C (maintained in a water bath) in a
plastic column reactor system sealed at two ends (with metal fittings) connected with an
inlet and outlet tubing respectively. Introduction and exit of experimental solutions to and
from the column took place through 0.2um nitrocellulose filter membranes. A schematic
of the plug flow reactor system is illustrated in Figure 5.2. The column was 13.5 cm long
with an inner diameter of 0.7 cm and connected to a Masterflex Cole Parmer cartridge
pump towards the input end that controlled the flow to the system. The Teflon tubing that
connected the pump to the column had an outer diameter ~ 3.2 mm (1/8 inch) and an
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inner diameter of ~ 0.8 mm (0.03inches). The column was filled by placing a mass (M) of
approximately 10.8g of powdered barite particles ranging in size from 75-149 µm.
Average porosity of the bulk material was 50%. The reactor system was kept saturated by
pumping solutions through the porous material under continuous flow through
conditions. To determine if different processes actually govern reaction mechanism or not
pulse injection experiments were done at different flow rates and same solute
concentration. Breakthrough curves were observed in response to different pulse
injections of a tracer solution (Na+ Conc. ~ 0.01M in pulse volume of ~ 20uL) or
chromate (CrO42- Conc.~ 4mM in pulse volume of ~20 µL) containing solutions at
different flow rates. Beside the pulse injections, an experiment was also performed at step
condition or at continuous flow of the solute (CrO42- Conc.~ 1 µM) flowing fluid into the
system to get further perception into the contaminant retention effect. Pulse injection of
different experimental solutions was done by switching the tubing containing the
experimental solution in-line with the flow path using an eight-port chromatography
valve (Valco). To get insights into the contaminant retention mechanism as well as to
understand the tracer mass recovery, its retention time or dispersion in the reacting
medium, breakthrough curves from tracer and contaminant analyses were compared. To
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Figure 5.2: Schematic showing different parts of a plug flow reactor system (PFR). The
labels in the figure illustrate the following parts: (1) Influent beaker (2) Masterflex Cole
Parmer cartridge pump (3) 8 port Valve for solution switching (4) Inflow port (5) Plug
Flow Reactor column (6) Outflow port (7) Effluent beaker (8)
Flow path tubing

2

5

3
4

6

7

1
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model the experimental observation in natural systems, the one dimensional advectiondispersion equation (Fetter, 1993) that can be used is as follows:
δC/δt = DL (δ2C/δx2) – vx (δC/δx) – Bd/θ (δC*/δt) + (δC/δt)rxn (4)
(dispersion)

(advection) (sorption)

(reaction)

In this equation,
C = concentration of the solute species in solution (mg L-1)
t = time (s)
DL = longitudinal dispersion coefficient (m2 s-1)
x = length of the reactor (flow path) (m)
vx = average linear velocity of flowing water (m s-1)
Bd = aquifer bulk density (g mL-1)
θ = porosity of the reactive medium
C* = amount of solute sorbed per unit weight of the solid material (mg kg-1)
rxn = subscript indicates the rate of chemical reaction of the solute other
than sorption.

5.4 THEORETICAL BACKGROUND

When the aqueous inlet solutions in the experiments are maintained
undersaturated with respect to barite, reactions will occur by the dissolution of the
substrate as follows:
BaSO4(s) = Ba2+ (aq) + SO42- (aq)
for which the law of mass action can be written as:
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(5)

[Ba ][SO ] = [Ba ][SO ]
=
[BaSO ]
2+

K BaSO4

4

2−

2−

2+

4

(6)

4

where [Ba2+], [SO42-] are the activities of aqueous Ba2+, SO42- ions in solution and
[BaSO4] is the activity for the pure mineral phase (= 1) respectively. K BaSO4 is the
equilibrium constant of reaction (5). Under conditions of solution undersaturation,
dissolution of the mineral occurs liberating Ba2+and SO42- ions in solution. In presence of
CrO42-(aq) if aqueous barium liberated by barite dissolution as well as the amount of
CrO42- present do not lead the solution to be saturated with respect to BaCrO4
(hashemite), the condition will not favor any precipitation of the barium chromate phase.
However, if the amounts of Ba2+(aq), SO42-(aq) and CrO42-(aq) favor conditions to be
saturated with respect to any solid solution composition in between the end members
BaSO4-BaCrO4, CrO42-(aq) can be sequestered by the precipitation of the solid solution
phases. Dissolved CrO42- in the system can also be retarded by other processes of
sorption on to the mineral surfaces. Retardation in contaminant transportation then might
be due to adsorption, absorption or ion exchange. By the process of adsorption the
additive solute CrO42- would cling to the positively charged sites onto the solid surfaces.
By anion exchange process negatively charged CrO42- would get exchanged with the
negatively charged SO42- to get close to the positively charged sites and held by
electrostatic forces on the barite surfaces. If absorption would be the controlling factor,
CrO42- (aq) would then diffuse into the porous barite particles and get sorbed into the
mineral surfaces (Fetter, 1993). As CrO42- (aq) would sorb to the barite surfaces, the
interactive process would lead to a reduction in the number of available sites for further
sorption. Also the sorption mechanism would eventually passivate the reactive sites on
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the dissolving mineral surface thus lowering barite dissolution rates (see AFM and MFR
result sections). Thus under conditions of continuous flow of CrO42- containing solutions
the coupled dissolution-sorption interaction will proceed and reach a condition of steady
state in the reacting system.
However if conditions of barite dissolution in presence of aqueous CrO42- leads
the solution to be supersaturated with respect to barium chromate then hashemite
precipitation would occur as described by the following equation:.
Ba2+ (aq) + CrO42- (aq) = BaCrO4(s)

(7)

for which the law of mass action can be written as:
1
K BaCrO4

=

[BaCrO4 ]

[

⎡ Ba 2+ ⎤ CrO 2−
4
⎢⎣
⎥⎦
+

=

1

] [Ba ][CrO ]
2−

2+

(8)

4

5.5 RESULTS

In the present study, experiments by AFM and mixed flow reactors (MFRs) were
performed to assess the impact of interaction between CrO42- (aq) and barite surfaces both
qualitatively and quantitatively. To understand and determine the effect of coupled barite
dissolution - CrO42- sorption mechanism on aqueous CrO42- retardation, experiments were
also done under dynamic flow through conditions in plug flow reactor systems (PFRs).
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5.5.1. Results from AFM Experiments

All experiments on freshly cleaved barite (001) surfaces began with dissolving
the mineral surfaces in deionized water at 70°C to promote dissolution and observation of
surface features (e.g. step edges and etch pits). To have an improved understanding
regarding the impact of CrO42- (aq), barite dissolution was initially studied at different
saturation states (Ω) with respect to BaSO4 without any dissolved CrO42- in the reactive
system. Ω represents the solution saturation state as expressed below:
2−

Ω=

[ Ba 2 + ][ SO4 ]
K sp

(9)

Figure 5.3 shows AFM image of a dissolving barite surface in deionized water.
The sequence of etch pits are flanked by steps aligned along 〈010〉 and 〈120〉 directions.
The morphology of the pits formed is similar to that observed on barite surfaces as
reported in previous studies (Risthaus et al., 2001; Higgins et al., 1998a). The monolayer
(3.5 Å height) and the bilayer steps (7.1 Å height) bounding the pits are marked as “1”
and “2”, respectively, in Figure 5.3.
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Figure 5.3: AFM image (2.9µm x 2.9µm) of a sequence of etch pits on barite(001)
surface nucleated during dissolution in deionized at 70°C. Directions of [010] and [120]
steps are labeled. The steps labeled “1” and “2” are monolayer (3.5Å) and bilayer (7.1 Å)
steps, respectively.

[010]

1
[120]
2

159

5.5.1.1 Effects of saturation state on barite dissolution kinetics

Figures 5.4a and 5.4b demonstrate step speeds (vs) and dissolution rates (rd)
respectively, as functions of Ω with respect to barite. As shown in the graphs, 〈010〉 step
speeds and dissolution rates increased with decreasing Ω. Interesting observation shows
significant non-linear dependence of both step speeds and dissolution rates on solution
undersaturation. This indicates that simple linear rate models cannot be applied to
describe the data sets. More recent theoretical treatment of step kinetics will be
considered in the discussion. Another striking observation in both the data sets is that the
effect of solution undersaturation not showing a pronounced impact on mineral reactivity
at conditions near equilibrium. Data points in the range of Ω = 0.1-0.63, being
comparable within limits of uncertainty implies an apparent ‘dead zone’. An attempt to
discuss this observation would be considered in the later section.

5.5.1.2. Effects of aqueous CrO42- on barite dissolution kinetics

To explore the possible influence of CrO42- (aq) on barite dissolution, experiments
were performed at different molar concentrations of CrO42- (aq). Step speeds along 〈010〉
direction and dissolution rates as function of aqueous CrO42- concentration are shown
graphically in Figures 5.5 and 5.6 respectively. With increase in CrO42- (aq)
concentration, steps ~ 〈010〉 direction became roughened (shown in the image sequence
represented by Figure 5.7). Step speed calculation was rather difficult and approximate
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Figure 5.4: (a) Graphical representation of [010] step speed (vs) versus Ω obtained at
70°C. The step speed decreases with decreasing undersaturation. (b) AFM-based
dissolution rates (rd) of barite versus Ω at 70°C. Both step speed and dissolution rates
exhibit strongly non-linear relationship with Ω. Solid line fit to the data set in Figure 5.4a
shows poor fitting to Equation (10).
(a)
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(b)
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Figure 5.5: Plot showing [010] step speeds (vs) versus molar concentration of aqueous
CrO42- from AFM experiments. Decrease in step speed with increase in CrO42concentration suggests sorption of impurity ions along the reactive sites on the surface
steps.
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Figure 5.6: Graphical representation showing dissolution rates (rd) of barite at different
molar concentrations of aqueous CrO42- from AFM experiments. Solid line represents
fitting of the data to Eqn.(16).
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determination was possible only for specific image sequences. The plots showing
decrease in step speed and substrate dissolution rates essentially demonstrate the effect of
aqueous CrO42- on barite dissolution kinetics. Treatment of the data set in terms of model
application as well as morphological observation will be considered in the discussion
section.

5.5.1.3. Effects of aqueous CrO42- on surface morphology

Morphological impacts on dissolving barite surfaces studied at different molar
concentrations of CrO42- (aq) are represented in Figure 5.7 (a-f). Figure 5.7a shows an
image of dissolving barite surface characterized by the triangular monolayer etch pits
formed in chromate free solution. Images in Figures 5.7( b-f) represent dissolving barite
surfaces after flowing 0.001M, 0.003M, 0.005M, 0.007M and 0.01M CrO42- solutions
respectively. After passing CrO42- bearing solutions, substrate dissolution is observed to
occur by the formation of morphologically modified etch pits and step edges. With
increase in CrO42- (aq) concentration, step edges originally along 〈010〉 direction became
more and more roughened and the triangular etch pits changed their shapes considerably.
In presence of aqueous chromate at 0.001M (Figure 5.7b), the dissolving barite surface
showed deformed triangular etch pit bounded by 〈010〉 steps and curved steps originally
described as 〈120〉 steps. At a CrO42- (aq) concentration of 0.003M (Figure 5.7c), the etch
pits became more distorted compared to those in Figures 5.7 a and b. In this image the
etch pits are bounded by ~ 〈010〉 steps while the steps originally along 〈120〉 direction
change in their orientations considerably.
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Figure 5.7: Fluid cell AFM images showing surface topography on (001) surfaces of
barite at different molar concentrations of aqueous CrO42-. (a) In CrO42- free solution;
Image size: 1.22 µm x 1.22 µm; surface shows [010] steps and characteristic triangular
etch pits (b) [CrO42-] = 0.001M; Image size: 2.58 µm x 2.58 µm; [010] step edges
showing roughening along edges and triangular etch pit getting deformed along corners
(c) [CrO42-] = 0.003M; Image size: 3.08 µm x 3.08 µm; [010] step edges becoming more
roughened and triangular etch pit getting more distorted in shape (d) [CrO42-] = 0.005M;
Image size: 2.69 µm x 2.69 µm; roughening along [010] step edges persists and triangular
etch pit changes to tear drop shape (e) [CrO42-] = 0.007M; Image size: 2.89 µm x 2.89
µm; roughening along [010] step edges and triangular etch pit becoming cats eye shaped
(f) [CrO42-] = 0.01M; Image size: 2.89 µm x 2.89 µm; roughening along [010] step edges
and tear drop shaped etch pits.
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With subsequent increase of chromate in solutions etch pits show tear drop shape
at 0.005M (Figures 5.7d), cat’s eye shape at 0.007M (Figures 5.7e) and tear drop shape at
0.01M (Figures 5.7f) CrO42- (aq) concentrations respectively. The cat’s eye shaped pits as
observed in Figure 5.7e, being appeared as bilayered pits could have formed from
monolayer tear drop shaped etch pits. The connection behind this may be similar to the
triangular monolayer pits and hexagonal multilayer etch pits observed on dissolving
barite in clean solutions. In all these solutions AFM images did not show any evidence of
precipitation or step growth, thus suggesting chromate sorption along reactive sites to be
the controlling process in affecting barite dissolution.

5.5.2. Results from MFR Experiments

A series of MFR experiments were run for barite dissolution in terms of
different solution saturation states (both in absence and presence of CrO42-) and as a
function of different molar concentrations of CrO42- in experimental solutions. To alter
the steady state condition fluid flow rate and/or mass of solid used was changed during
each experiment. The duration of the experiments varied from 9 hours to 100 hours.
Detail about all the MFR experiments are provided in Table5.3. The table lists the
conditions of each MFR experiment as well as the concentrations of corresponding
Ba2+(output), SO42- (output ) and CrO42- (output/input ) ions in solutions. Substrate
dissolution rates at different experimental conditions were determined from the
quantification of Ba2+ analysis and associated uncertainties are largely based on the
analytical precision of the quantification method used.
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Table 5.3: Summary of Mixed Flow Reactor Experiments

102.3

[Ba2+]out x
10-5
(M)

[SO42-]out
x 10-5
(M)

BaSO4
(Ω)

BaCrO4 (Ω)

(M)

[CrO42-]out x
10-5
(M)

6.6

0

0

0.9±
0.1

1.3±
0.1

0.5

0

1

2.0

2

1.0

16.2

100.8

6.5

0

0

0.6±
0.1

1.2±
0.3

0.3

0

3

0.025

108

12.1

5.2

0

0

0.3±
0.1

0.8±
0.1

0.1

0

4

0.025

156

11.5

6.3

0

0

0.4±
0.1

0.5±
0.1

0.07

0

5

1.0

22

73.2

6.4

0

0

0.7±
0.1

0.6±
0.2

0.2

0

6

0.025

156

10.0

6.2

0.25±
0.01

0.24±
0.01

0.2±
0.1

0.2±
0.4

0.02

0.01

7

0.025

156

9.5

5.9

0.5±
0.1

0.5±
0.1

0.2±
0.1

0.1±
0.01

0.01

0.02

8

0.025

156

9.5

5.9

1.4±
0.1

1.3±
0.2

0.1±
0.01

0.1±
0.01

0.003

0.03

9

0.025

156

9.5

5.9

2.0±
0.1

2.0±
0.1

0.08±
0.01

0.03±
0.01

0.001

0.03

10

0.025

156

9.5

5.9

9.6±
0.3

9.4±
0.3

0.03±
0.01

0.02±
0.01

0.0002

0.06

Mass of
BaSO4 (g)

Exp. Dur
(h)

t/τ

[CrO42-]in x 10-

Flow
Rate
(mL/
hr)
16.2

Exp.

5
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rd
BaSO4
(mol/
cm2/s)
(1.7±
0.2) x
10-13
(2.3±
0.01) x
10-13
(3.0±
1.0) x
10-11
(5.8±
1.4) x
10-11
(3.6±
0.5) x
10-13
(2.9±
1.4) x
10-11
(2.9±
1.4) x
10-11
(1.5±
0.2) x
10-11
(1.2±
0.1) x
10-11
(4.4±
1.4) x
10-12

11

0.025

156

9.6

5.9

6.0±
0.2

5.9±
0.1

0.05±
0.01

0.1±
0.01

0.0009

0.06

12

0.5

30

48.5

5.8

2.0±
0.1

2.0±
0.1

0.3±
0.1

0.3± 0.2

0.03

0.1

13

0.5

30

48.4

5.0

2.0±
0.1

2.0±
0.1

0.3±
0.1

0.3± 0.1

0.04

0.1

14

2.0

30

48.3

5.8

3.0±
0.1

3.0±
0.1

0.4±
0.1

0.5± 0.1

0.07

0.2

15

2.0

30

48.2

5.2

2.0±
0.1

2.0±
0.1

0.4±
0.1

0.5± 0.1

0.08

0.2

16

2.0

13.8

97.3

5.4

3.0±
0.1

2.9±
0.1

0.5±
0.1

0.5± 0.1

0.1

0.3

17

2.0

27.6

47.3

5.2

3.0±
0.1

3.0±
0.1

0.8±
0.1

0.8± 0.1

0.2

0.4

18

2.0

27.6

47.7

5.3

3.0±
0.1

3.0±
0.1

0.8±
0.1

0.9± 0.1

0.3

0.5
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(7.3±
1.4) x
10-12
(4.2±
1.4) x
10-13
(4.2±
1.4) x
10-13
(1.4±
0.4) x
10-13
(1.4±
0.4) x
10-13
(8.1±
1.7) x
10-14
(2.6±
0.3) x
10-13
(2.6±
0.3) x
10-13

5.5.2.1. Barite powder dissolution kinetics in absence and presence of aqueous
CrO42-

Figure 5.8 represents BaSO4 powder dissolution rates in absence of CrO42- (aq)
and effectively shows a non-linear variation of the reaction rates with the solution
saturation state. Reaction trend from MFR experiments (Figure 5.8) being similar to that
from AFM experiments (Figure 5.4b) establishes the characteristic kinetic behavior of the
mineral’s reactivity as a function of solution undersaturation.
Figure 5.9 shows barite dissolution rates from MFR experiments both in absence
and presence of CrO42- (aq). The input CrO42- (aq) concentrations were (2.0±0.1) x 10-5
M at Ω = 0.03, 0.04 and (3.0±0.1) x 10-5 M at Ω = 0.07, 0.1, 0.2 and 0.3 respectively. At
similar Ω values with respect to BaSO4, (viz. at Ω = 0.07, 0.1, 0.2, 0.3) the impact of
additive CrO42- (aq) showing a pronounced effect on substrate dissolution rates strongly
indicates inhibitory effect of the additive ion on barite dissolution. Illustrated in Figure
5.10 is the variation of barite powder dissolution rates as a function of different
concentrations of CrO42-(aq). Barite dissolution rates are ~ 2 times lower in presence of
CrO42- as low as 5 µM and about 13 times lower at CrO42- as high as 96 µM than that in
CrO42- free solution.
Some representative results for the coupled dissolution-sorption experiments are
shown graphically in Figures 5.11 (a-e). These experiments correspond to those in Table
5.3 as accordingly - Figure 5.11a to experiment (6), Figure 5.11b to experiment (7),
Figure 5.11c to experiment (11), Figure 5.11d to experiment (15) and Figure 5.11e to
experiment (16) respectively. Outlet Ba2+, SO42- and CrO42- concentrations are plotted as
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Figure 5.8: Graphical representations of dissolution rates (rd) of powdered barite versus
Ω at 25°C from MFR experiments. Data set shows nonlinear relationship of dissolution
rates with Ω.
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Figure 5.9: Plot showing dissolution rates (rd) of powdered barite versus Ω at 25°C in
presence and absence of aqueous CrO42- from MFR experiments. The figure shows
substantial lowering in substrate dissolution rates in presence of CrO42- in solution.
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Figure 5.10: Graphical representation showing dissolution rates (rd) of barite at different
molar concentrations of aqueous CrO42- from MFR experiments. Solid line represents
fitting of the data to Eqn.16.
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Figure 5.11: Plots showing evolution of output barium, sulfate and chromate
concentrations as functions of τ for different input chromate concentrations from MFR
experiments. (a) [CrO42-] = 0.0000025M; (b) [CrO42-] = 0.0000053M; (c) [CrO42-] =
0.00006M; (d) [CrO42-] = 0.000023M; (e) [CrO42-] = 0.00003M.

0.000005

0.000005

0.000004

0.000004

0.000003

0.000003

0.000002

0.000002

0.000001

0.000001

0

[B a 2 + ] / [SO 4 2 -] (M )

[C rO 4 2 -] (M )

(a)

Output [CrO42-]
Input [CrO42-]
Output [SO42-]
Output [Ba2+]

0
0

2

4

6

8

t/τ
t/7
(b)
0.000006

0.000002

[C rO 4 2 - ] (M )

0.0000015
0.000004
0.000001

0.000003
0.000002

0.0000005
0.000001
0

0
0

2

4

6

8

t/τ
t/7

176

[B a 2 + ] / [S O 4 2 -] (M )

0.000005
Output [CrO42-]
Input [CrO42-]
Output [SO42-]
Output [Ba2+]

(c)

2-

0.0000015

0.00004

0.000001
0.00002
0.0000005
0

2-

[C rO 4 ] (M)

0.000002

2+

0.0000025
0.00006

[B a ] / [S O 4 ] (M)

0.000003

0.00008

Output [CrO42-]
Input [CrO42-]
Output [SO42-]
Output [Ba2+]

0
0

2

4

6

8

t/τt/7

[CrO 4 2-] / [Ba 2+] / [SO 4 2-] (M)

(d)

0.00003
Output [SO42-]
0.00002

Output [Ba2+]
Output [CrO42-]

0.00001

Input [CrO42-]

0
0

2

4

t/τ
t/ 7

177

6

(e)

[CrO 4 2- ] / [Ba 2+ ] / [S O 4 2-] (M )

0.000035
0.00003
0.000025

Output [SO42-]

0.00002

Output [Ba2+]

0.000015

Output [CrO42]
Input [CrO42-]

0.00001
0.000005
0
0

2

4
t/7
t/τ

178

6

functions of steady state achievement time or t/τ. The saturation states (Ω) as obtained
from the outlet fluid analyses at experimental steady states in each case show that in
presence of aqueous CrO42-, all experimental solutions were maintained undersaturated
with respect to both BaSO4 and BaCrO4 phases (Table 5.3). This experimental condition
constrains the mineral solution interaction to adsorption/ion exchange of aqueous
chromate ion onto the reactive sites of powdered barite surfaces. However, whether the
solution condition led to precipitation or not of any of the in between solid solution
phases of composition Ba (SO4)xCrO4(1-x) will be taken into account and discussed in the
later section. The data trends in Figure 5.10 together with that in Figure 5.6 are
considered in the discussion section.

5.5.3. Results from PFR Experiments:

The initial observations from AFM and MFR experiments underlie the possibility
of the potential application of pollutant chromate remediation in presence of barite. To be
able to evaluate the pollutant remediation prediction in natural systems as well as to
understand the kinetics/transport control on the contaminant retention mechanism,
laboratory experiments were extended to be performed in PFR system. Experiments were
performed through a powdered barite filled column in a single flow direction. Pulse
experiments were done through the plug flow reactor in presence of a tracer (Na+ ~ 0.01
M) and CrO42- (~ 4 mM) at different flow rates. Figure 5.12 shows breakthrough curve of
the tracer (Na+) and Figure 5.13 shows breakthrough curves of the CrO42- bearing
solutions in the barite filled column. Curves are plotted as: C/Co (i.e. ratio of the solute
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Figure 5.12: Breakthrough curve for sodium tracer for all flow rates from PFR
experiment (pulse injection) in presence of powdered barite at 25°C. The curve is plotted
as number of pore volumes (Pv) along x-axis and the ratio of outlet and inlet CrO42concentration along y-axis.
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Figure 5.13: Breakthrough curves for aqueous chromate (~ 4mM ) at various flow rates
from PFR experiment (pulse injection) in presence of powdered barite at 25°C. Curves
are plotted as number of pore volumes (Pv) along x-axis and the ratio of outlet and inlet
CrO42- concentrations along y-axis. Different symbols in the graph represent chromate
breakthrough curves at different flow rates.
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outlet and injected concentration) on the y-axis and Pv (i.e. number of pore volume
eluted) along the x-axis. From these breakthrough curves hydrodynamic characteristics
are deduced in each case. As seen in Figure 5.12, the injected tracer was eluted in the
time required to remove ~1 pore volume of the reactor thus indicating no retardation
occurring during the tracer transport. Breakthrough curves in Figure 5.13 show that peak
arrival of chromate was delayed at all flow rates as compared to the tracer. No chromate
peak was found until after ~ 18 pore volumes (Pv). In this figure, different symbols
represent chromate breakthrough as a function of flow rate. Interestingly, delay for the
chromate breakthrough is seen to be more pronounced at a lower flow rate of 1.2 mL/min
than at flow rates ≥ 2.6 mL/min when the chromate started coming out of the column in
the first 1-2 pore volumes. This indicated that CrO42- travel in the aqueous system was
controlled by fluid flow conditions. About ~ 40 pore volumes (Pv) at a high flow rate
(4.4ml/min) and ~ 84 pore volumes (Pv) at a low flow rate (1.2 mL/min) were needed to
remove about 90% of the injected CrO42- from the column thereby suggesting a kinetic
control on the contaminant immobilization/flow. The breakthrough curves clearly
indicate that CrO42- reacts with the powdered barite surfaces and the mineral can control
the migration of aqueous CrO42- to a large extent. Table 5.4 shows conditions for different
flow experiments and the results from the analysis of the moments of the breakthrough
curves under these conditions. The mass recovery column in the table represents amounts
of injected chromates recovered at each flow rate expressed in terms of percent recovery.
RCrO42- in the table is the retardation factor for the injected chromate and different values
are represented as function of solution flow rates. The table also shows distribution
coefficients (Kd values) of the injected solute (CrO42- (aq)) under each experimental
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Table 5.4: Summary of Plug Flow Reactor Experiments
Co (CrO42-)x
10-3
(moles/L)

Exp

1
2
3

4.0
4.0
4.0

Injected
Volume
x 10-6
(L)
20
20
20

Flow
Rate
(ml/min)

Mass
Recovery
(%)

4.4
2.6
1.2

100
88
100
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RCrO42-

12.6
20.4
104.6

Kd
(mL/g)

2.8
4.7
24.9

condition. A single step experiment or a continuous flow experiment at a flow rate of 0.8
mL/min with aqueous chromate concentration of 1µM is represented by the breakthrough
curve in Figure 5.14. As evidenced from the figure, chromate breakthrough did not occur
till ~ 50 pore volumes. This observation further indicates that substantial retention of
chromate can occur in presence of barite substrate. While pulse injected CrO42- (aq)
eluted off entirely with time in the output solutions (Figure 5.13), Figure 5.14 shows
continuous appearance of CrO42- (aq) in the outlet solutions, eventually reaching ~ the
input (1µM) concentration. The graph also shows SO42- concentrations in the output
solution in terms of pore volume. At the later pore volumes (around 120 Pv) when CrO42concentrations in the outlet solution reached ~ the inlet solution concentration, the SO42concentrations showed decrease in values than those at the earlier pore volumes when
CrO42- in the outlet solutions were absent or much lower. The PFR results will be
discussed appropriately in the following section.

5.6. DISCUSSION

The nonlinear dependence of 〈010〉 step speeds and dissolution rates on Ω as
obtained from AFM experiments (Figures 5.4a and 5.4b respectively) suggests that data
treatment with basic step dissolution models will not be sufficient. The trends of the data
sets clearly indicate that step speeds to be described by linear models based on early
theories of crystal growth (Burton et al., 1951; Chernov, 1961) or dissolution rates to be
described by the most general rate equation used for mineral dissolution studies (Lasaga,
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Figure 5.14: Breakthrough curve for aqueous chromate (1uM ) from PFR experiment
(step injection/continuous flow) in presence of powdered barite at 25°C. Curve is plotted
as number of pore volumes (Pv) along x-axis and the outlet CrO42- concentration along yaxis.
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1981) do not apply to these experiments. Thus the step speed data in Figure 5.4a is
treated by the application of a recent theoretical treatment as expressed in Equation (10).
This model (Zhang and Nancollas, 1990) projects that step speed increases non-lineraly
with Ω due to roughening of the step edge with increase in undersaturation.

vs = A

Ω1/ 2 − 1
(2 − Ω1/ 2 )1/ 2

(10)

However, solid line fit to the above equation in Figure 5.4a indicates that step
roughening in that model does not describe the non-linearity of the step speed behavior
very well. This implies that a more complicated dissolution model is yet to be developed
to be able to describe the significant non-linear behavior of step speeds in terms of
solution Ω. Also, future experiments under similar study conditions on barite dissolution
are necessary to check the reproducibility in the data trends to be able to come up with
more appropriate models. The dissolution rate trend from AFM experiments (Figure
5.4b) follows the step speed trend closely. Hence the changes in the dissolution rates with
saturation states can be attributed to changes in step speeds. Similar dissolution rate trend
obtained from MFR experiments on barite powder (Figure 5.8) establishes that nonlinearity in the reaction rates with solution Ω is the characteristic behavior of the mineral.
The solubility of the 〈010〉 steps at conditions near equilibrium (Ω = 0.1-0.6)
apparently implying a ‘dead zone’ can be attempted to get explained by the impact of
impurities present in the dissolving system. Basic influence of impurities (Cabrera and
Vermilyea, 1958) on crystal growth has been documented in many studies (Land et al,
1999; Plomp et al, 2003; De Yoreo and Vekilov, 2004). As proposed by the model,
impurities present in solutions adsorb along the reactive surface sites and impede further
crystal growth by creating blocking or pinning effect along the step sites (Cabrera and
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Vermilyea, 1958). During crystal growth processes step segments become curved to
advance between the impurity-pinned points. However, at conditions nearer to
equilibrium, thermodynamics may not favor the formation of step curvature (Bose et al.,
2008) to promote step motion, thus lowering the distance between impurities and
apparently blocking the step motion. Consequently at conditions of lower supersaturation,
closer association of impurities together with reduced step growth combine to lead
eventual cessation of step growth. Thus apparent ‘dead zones’ form along impurity
poisoned surfaces even though bulk thermodynamics might predict step advancement
(Land et al, 1999; Plomp et al, 2003). The same impurity effect if considered to be
operable in dissolving systems would provide a plausible explanation for the exhibition
of apparent ‘dead zone’ at near equilibrium states as in Figure 5.4a.
Inhibitory effect of aqueous CrO42- on barite dissolution is well represented by the
step speed and dissolution rate data sets from AFM experiments in Figures 5.5 and 5.6
respectively. Both step speed and dissolution rate exhibiting about ~ 2.3 times lower
values at CrO42- concentration as low as 0.001M compared to the additive free condition
indicate the impurity effect on mineral reaction kinetics. The kinetic behavior from AFM
experiments suggests probable sorption of impurity ions along the surface reactive sites.
The decrease in step motion as well as dissolution rates in presence of different
concentrations of chromate can be explained by the step pinning impact due to adsorption
of the added impurity molecules along step reactive sites (Cabrera and Vermilyea,1958;
Land et al, 1999; Plomp et al, 2003; Davis et al, 2000). As a result of step pinning or
blocking caused by the impurity molecules (CrO42-(aq)); the advancement of steps gets
impeded thus causing apparent lowering in the substrate dissolution kinetics. Results
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from MFR experiments (Figures 5.9 and 5.10) also illustrate the degree to which aqueous
CrO42- affects barite dissolution. In each MFR experiment the Ω value with respect to
BaCrO4 remained below saturation at steady state (Table 5.3). This suggested that no
precipitation of any hashemite phase actually occurred (even at a high chromate
concentration of 0.096 mM) but inhibition to the substrate dissolution probably took
place by contaminant sorption to the mineral surface.
However, to determine if the aqueous condition in any of the MFR experiments
resulted in supersaturation with respect to any solid solution phase of composition Ba
(SO4)xCrO4(1-x), the following approach has been taken. Aqueous concentrations of Ba2+,
SO42- and CrO42- from MFR experiments 6-18 (Table 5.3) are described in terms of
Lippmann ΣΠ formulation and Lippmann diagram for the Ba(SO4-CrO4) system
(Astilleros et al, 2003; Fernandez-Gonzalez et al, 1999). Figure 5.15 represents a
Lippmann diagram for the Ba(SO4-CrO4)-H2O system at 25°C assuming an ideal solid
solution series (Fernandez-Gonzalez et al, 1999). For the Ba(SO4-CrO4)-H2O, the total
solubility product variable (ΣΠ) is given by the expression as follows:
ΣΠ = [Ba2+]([ SO42-]+[ CrO42-])

(11)

where [Ba2+], [ SO42-] and[ CrO42-] are the respective ion activities in the aqueous
solution. At thermodynamic equilibrium the total solubility product ΣΠeq can be
expressed in terms of both solid solution composition (“solidus” relation in Lippmann
diagram) as well as aqueous solution composition (“solutus” relation in Lippmann
diagram). Equations (12) and (13) show the “solidus” and “solutus” expression
respectively (Fernandez-Gonzalez et al, 1999).
ΣΠeq = KBaSO4X BaSO4γ BaSO4 + KBaCrO4X BaCrO4γ BaCrO4
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(12)

In Eqn (12), X BaSO4 and γ BaSO4 are the solid mole fraction and the solid-phase activity
coefficient respectively of BaSO4 phase while KBaSO4 is the solubility product of the pure
end member BaSO4. Since the expression is for a solid solution of two components,
analogous symbols for BaCrO4 phase represent similar parameters where X BaCrO4 = (1- X
BaSO4)

and γ BaCrO4 are the solid mole fraction and solid-phase activity coefficient

respectively. KBaCrO4 is the solubility product of the pure end member BaCrO4.
ΣΠ eq =

X SO4 , aq / X BaSO4 γ BaSO4

1
+ X CrO4 , aq / X BaCrO4 γ BaCrO4

(13)

XSO4, aq and XCrO4, aq are the aqueous activity fractions of SO42- and CrO42- in the aqueous
solutions as given by Equations (14) and (15) respectively.

X SO 4 , aq =

[SO

[SO ]
] + [CrO ]

(14)

X CrO 4 , aq =

[CrO ]
[SO ] + [CrO ]

(15)

2−
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2−
4

2−
4

2−
4

2−
4

2−
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In Figure 5.15, the Lippmann relationships were computed using endmember pK’s of –
log K = 9.98 for BaSO4 and 9.67 for BaCrO4 at 25°C. An ideal solid solution ((i.e. solidphase activity coefficients of the endmembers to be 1) was assumed to represent the
system considering linear changes in the lattice parameters with CrO42-/SO42-content
(Fernandez-Gonzalez et al, 1999). In the figure logarithms of the total solubility product
variables (ΣΠ) are plotted along the ordinate while the abscissa represents X(SO42-, aq) or
X(BaSO4). The “solidus” curve is expressed in terms of X(BaSO4) on the x-axis while the
“solutus” curve is expressed against X(SO42-, aq) on the x-axis. Also it is to be noted that as
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the abscissa goes from left 0.00 to right 1.00 for X(SO42-, aq) and X(BaSO4), it appears the
reverse for X(CrO42-, aq) and X(BaCrO4).
To be able to determine the departure from the thermodynamic equilibrium state
(undersaturated, supersaturated) with respect to particular solid solution compositions,
ion analyses from MFR experiments 6-18 (Table 5.3) are compared to the plot in Figure
5.15. Equation (11) is used to calculate the log(ΣΠ) values (Astilleros et al, 2003) for
each experiment in terms of X(SO42-, aq) as presented in Table 5.5. Experimentally obtained
log(ΣΠ) and X(SO42-, aq) data from Table 5.5 are compared to the Lippmann diagram in
Figure 5.15. Comparison indicates that if projected on the figure, the extrapolated
composition points for all MFR experiments (6-16) except that for experiments 17 and
18, will be well below the “solutus” curve. This implies that for most of the MFR
experiments (6-16) the solutions in the reactors remained undersaturated with respect to
any solid phase including the end members. Only for experiments 17 and 18, composition
points being projected above the “solutus”curve implies that solutions at these conditions
were supersaturated with respect to a series of solid solutions (Astilleros et al, 2003)
except the end members (shown in Table 5.3, as determined from the ion concentrations
by MINTEQ analysis).
The data sets from both AFM and MFR experiments representing non-linear
behavior of reaction rates as function of aqueous CrO42- concentrations (Figure 5.6 and
5.10) are treated by the application of a rate model as expressed in the following
equation. The solid line fits through the dissolution rate data sets (Figure 5.6 and 5.10)
follow Equation (16) described by Gutjahr et al. (1996). The equation is according to the
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Table 5.5: Solid solution composition determination from Mixed Flow Reactor
Experiments

Mixed Flow Reactor
Experiment
6
7
8
9
10
11
12
13
14
15
16
17
18
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logΣΠ X(SO42-, aq)

-11
-10.9
-10.8
-10.7
-10.5
-10.2
-10.2
-10.2
-9.9
-10
-9.8
-9.5
-9.5

0.4
0.17
0.07
0.01
0.002
0.02
0.1
0.1
0.14
0.2
0.14
0.21
0.23

Figure 5.15: Lippmann diagram for the Ba(SO4-CrO4)-H2O system at 25°C assuming an
ideal solid solution series (Fernandez-Gonzalez et al, 1999).
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Langmuir-Volmer model (Reddy, 1973) in which reversible adsorption of additive ions to
specific reactive sites (terraces, steps, kinks) on surface is assumed.

⎞
⎛
1
⎟⎟
Rate = r ⎜⎜
⎝ K ads [C ] + 1 ⎠

(16)

Here r is the reaction rate without any additive/ impurity, [C] is the concentration of the
impurity in solution and Kads is a constant (adsorption constant). The rate expression is
related to θ, the fraction of surface sites covered by additive as expressed below:

Rate = r (1-θ)
where

θ=

(17)

K ads [C ]
K ads [C ] + 1

(18)

describes adsorption by Langmuir isotherm (Gutjahr et al, 1996). The model application
shows moderately close data fitting at values of r = 7.0(± 0.3) x10-12 mol cm-2s-1 and Kads
= 1.3 (±0.2) x 103 M-1 for the AFM experiments (Figure 5.6). The data set from MFR
experiments in Figure 5.10 also shows close agreement to the model application
according to Equation (16) with fitting values of r = 5.8(± 0.1) x10-11 mol cm-2s-1 and Kads
=1.8 (±0.2) x 105 M-1. The moderately reasonable model fits (Eqn. 16) through the
dissolution rate data sets from both AFM and MFR experiments (Figures 5.6 and 5.10
respectively) interpret a reversible adsorption mechanism of CrO42- to be occurring at
reactive sites according to the Langmuir –Volmer model. Similar impacts of reversible
adsorption have also been documented on calcite and aragonite dissolution in presence of
divalent additives Fe2+, Cu2+, Zn2+, Mg2+, Sr2+ and Ba2+ (Gutjahr et al,1996).
The considerable difference in Kads values as obtained for the AFM (1.3 (±0.2) x
103 M-1) and MFR (1.8 (±0.2) x 105 M-1) experiments from the Langmuir-Volmer model
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fits can be attributed to the difference in temperatures at which AFM (70°C) and MFR
(25°C) experiments were conducted. This is due to the fact that the expression in Eqn
(16) is related to Eqn (18) which describes the Langmuir isotherm. Since isotherm means
being at similar temperature, the relationships between Eqns 16-18 indicate a dependence
of Kads values on the temperature. Thus from the present study, Kads values from two
different experimental approaches reflect the temperature dependence showing a higher
value of adsorption constant (Kads) at lower temperature (25°C) and a lower value of Kads
at a higher temperature (70°C).
Subsequent differences in the substrate dissolution rates (by a factor of 10) as
obtained from the MFR (Figure 5.10) and AFM (Figure 5.6) experiments can be ascribed
to the differences in a number of parameters (viz. experimental approach, temperature,
CrO42- (aq) concentration). While only barite (001) surface contributed to the AFM
reaction rates, MFR data represents combined mineral reactivities of all the faces in
ground barite powder. Difference in temperatures (AFM-70°C and MFR- 25°C) should
also be noted if attempted to make a comparison between Figures 5.6 and 5.10. Also
there are subsequent differences in the molar concentrations of CrO42- (aq) used for both
the experiments. While comparatively higher chromate concentrations were used in the
AFM experiments (lowest concentration used = 0.001M), impurity effect on dissolution
rates was quite significant at considerably lower chromate concentrations in the MFR
experiments (highest concentration used = 0.000096M). This could be attributed to the
difference in Kads values as obtained from the AFM and MFR experiments performed at
different temperatures. Therefore because of the differences associated with the two
different experimental approaches, it will be rather difficult to compare the two scenarios
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represented by Figures 5.6 and 5.10 respectively. However, individual graphs show selfcontained data sets, the reactivity trends in both cases reflecting the pronounced effect of
CrO42- (aq) on barite dissolution rates.
Reversible adsorption phenomenon of CrO42- would essentially indicate
desorption of the solute from the surface sites. Desorption of adsorbed additive from
barite surfaces is shown by the AFM images in Figure 5.16 (b-c). Figure 5.16a shows
surface features (step edges and etch pit) when exposed to aqueous CrO42- (0.007M). The
surface gradually regained the characteristic morphological features (triangular etch pits
and straight steps) following dissolution in chromate free solutions for ~ 26 minutes
(Figure 5.16b) and ~ 35 minutes (Figure 5.16c) respectively indicating desorption of
adsorbed CrO42-.
Changes in the etch pit morphology during barite dissolution in presence of
CrO42- (aq) clearly suggests that the modified pits are due to chromate sorption
(adsorption) to the mineral surfaces. From the images in Figure 5.7 (a-f) it appears that
chromate adsorption occurred at the reactive surface steps along 〈010〉 and 〈120〉
directions. Impurity molecule blocking or pinning effect (Cabrera and Vermilyea, 1958;
Land et al, 1999; Plomp et al, 2003; Davis et al, 2000 ) led to considerable departure from
the characteristic triangular barite etch pit shape. That the change was preferentially
apparent along 〈120〉 steps than 〈010〉 steps (as observed at [CrO42-] = 0.001M, 0.003M)
can plausibly be attributed to the asymmetry along 〈120〉 crystallographic direction.
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Figure 5.16: Fluid cell AFM images showing the process of desorption of surface
adsorbed aqueous CrO42- as evidenced from the changes in etch pit shape and
irregularities along step edges. (a) Image size: 2.89 µm x 2.89µm. Cats eye shaped etch
pit on the barite surface when exposed to chromate bearing solution at [CrO42-] =
0.007M. (b) Image size: 2.89 µm x 2.89 µm. The surface viewed when exposed to
deionized water ~ 26 minutes after image (a). (c) Image size: 2.89 µm x 2.89 µm. The
surface viewed when exposed to deionized water ~ 35 minutes after image. With time,
the surface showed recovery of the etch pit shape and nucleation of new triangular etch
pits.
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Due to the presence of mirror plane symmetry perpendicular to the 〈010〉 steps, kinks of
opposite sign are equivalent unlike that along the asymmetric 〈120〉 steps. Thus CrO42(aq) adsorption onto the available kink sites along the symmetric 〈010〉 steps probably
induced indistinguishable morphologic impacts compared to that along the asymmetric
〈120〉 step edges. Therefore as observed at these lower (0.001M, 0.003M ) concentrations

of CrO42- (aq), 〈010〉 steps bounding the etch pits did not show consequential
transformation while significant vicinality occurred along original 〈120〉 steps trending ~
〈001〉. However, with further increase in CrO42- (aq) concentrations ([CrO42-] = 0.005M,

0.007M and 0.01M), probably saturation of all the available kink sites for CrO42adsorption eventually led to overall deformation of the triangular shaped etch pits. This
resulted in the formation of tear drop/ cat’s eye shaped pits thus exhibiting no clear
distinction of the step edges originally oriented along 〈010〉 or 〈120〉 directions.
Barite dissolution rates (from both AFM and MFR experiments) and etch pit
morphology (AFM experiments) establish that presence of aqueous chromate does impact
substrate dissolution and suppresses the reaction rates considerably. As the LangmuirVolmer model fits suggest chromate probably adsorbs reversibly along the reactive sites.
Thus the adsorption mechanism plausibly passivates the reactive sites and
effectively slows down the dissolution of the substrate. Hence, results from both AFM
and MFR experiments illustrate the potential of the adsorption process for removal of
pollutant chromate in waste waters by BaSO4 surfaces. To test the application of the
process for polluted water remediation, observations from experiments performed in plug
flow reactor system are discussed in the following section.
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As given in Table 5.4, analyses of the breakthrough curves (Figure 5.13) from the
PFR experiments are identified. Chromate is being found to be retarded at all flow rates
where chromate retardation factor, RCrO42- is determined from the ratio of the mean
residence times of contaminant and the tracer (Martin-Garin et al., 2002). The following
equation has been used in each case to evaluate the mean residence time ( t ) representing
the first moments of the breakthrough curves (Gidda et al., 2006):
t≅

Σt i Ri ∆t i
ΣRi ∆t i

(19)

Here t is the mean residence time (minutes), ti is the measurement time (minutes), ∆ti is
the duration between measurements (minutes) and Ri is the solute concentration (M). At
the same input chromate concentration (~ 4mM) in each of the pulse experiments, RCrO42seemed to be somewhat dependent on the flow rate indicating that contaminant retention
was controlled by the fluid flow rate. As shown in the table (5.4), chromate retardation
factor increased with decrease in the fluid flow rate (hence fluid velocity) which implies
that low flow rates (or groundwater velocity) can significantly retard the contaminant
migration beyond the reactive barrier. At the higher regime of flow rate (> 2.6 ml/min),
although the breakthrough curves appeared to be quite similar, there occur differences in
the retardation factors calculated at these conditions. This can be attributed to the changes
in the solute (CrO42-) concentrations (Ri), measurement times (ti) and duration between
measurements (∆ti) (as in Eqn. (19)) in terms of pore volumes at the different flow
conditions. Since retardation factors are estimated from the mean residence times (Eqn.
(19)) of the contaminant and tracer, changes in the parameters associated with Eqn (19) at
different flow conditions account for the differences in RCrO42- values. The kinetic effect
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also shows that the contaminant distribution coefficient (Kd) defined as the ratio between
the concentration of total sorbed vs. concentration of total dissolved species (MartinGarin et al., 2002) is dependent upon the flow conditions. Under each experimental
condition, distribution coefficient (Kd expressed in mL g-1) was calculated using Eqn (15)
if a linear sorption model was approximated (Fetter, 1993)

K d = (R f − 1)

θ

(20)

Bd

where Rf is the contaminant retardation factor, θ represents porosity (0.5) of the reacting
medium and Bd (2.8 g cm-3) is the material bulk density (Fetter, 1993). Estimation of the

Kd values at different flow conditions might aid in doing some solute transport model on
chromate to provide an evaluation of the contaminant travel through barite. Figures 5.17a
and 5.17b show the graphical representations of the chromate breakthrough behaviors
obtained from experiments at flow rates 4.4 mL/min and 2.6 mL/min respectively along
with their corresponding breakthrough behaviors as generated using a reactive transport
model. However, the modeling done was not based on Kd values and was generated by
Kevin Knauss of Livermore National Laboratory (personal communication) by using
CrunchFlow software (Steefel, 2007) assuming ion exchange pheneomenon controlling
the interaction process between aqueous CrO42- and barite surfaces. To generate the
model fits, numbers of assumptions were made. These include bringing in a fictitious
anion exchanger in the reacting system for CrO42- (aq), treating the ion exchange process
as aqueous species. Also it was assumed that competing reactions with the fictitious ion
exchanger occurred for both CrO42- (aq) and SO42- (aq). Guessing, ion exchange log K
vlues for both SO42- and CrO42- (for their reactions with the ion exchanger) in the system
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Figure 5.17: Experimental and model predicted breakthrough curves from PFR
experiments (a) At flow rate 4.4 mL/min (b) At flow rate 2.6 mL/min
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as well as tweedling other parameters like disperivity, sorption capacity the model fits
were done.
Although number of presuppositions attributed the model fits, the curves in figure 5.17 a
and b show somewhat reasonable behavior in terms of the elution peaks from
experimental and model projection for both the flow rates. In these two cases, all model
parameters were maintained same and only flow rates were changed accordingly.
However at both the flow rates as predicted by the model, CrO42- was retained longer
than that actually observed from the experiments. This could be due to the guestimates of
the parameters involved in the modeling including the assumption that ion exchange was
the controlling process in the reaction. Despite the differences as obtained from the model
prediction and experimental observation regarding the retention times, moderately close
agreement of the elution peaks is substantially notable. Thus the preliminary modeling on
the experimental data sets (at two different flow rates) from the present study suggests
that laboratory experiments may enable us to predict CrO42- - barite reactivities in natural
systems if proper constraints are included in the model application.
As evidenced from both the AFM and MFR experiments, barite substrate
dissolution rates as a function of aqueous chromate concentration suggests mineralcontaminant interaction in terms of reversible adsorption process. The breakthrough
curves from the PFR reactor shows mass recovery ~ 88 – 100 % thus indicating a
reversible adsorption mechanism at these conditions.
Retention of chromate by barite surfaces has also been evidenced from a single
step / continuous flow experiment (Figure 5.14) when the flow rate was maintained at 0.8
mL/min at an input chromate concentration of ~ 1 µM (i.e. 0.12 mg/L which is within the
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MCL for total chromium in drinking water). The experiment showed that dissolved
chromate breakthrough did not occur until ~ 50 pore volumes and indicates that even
continuous flow of chromate in solutions can be retarded for a certain period in presence
of barite substrate. The output chromate concentration reaching the limits of input
chromate concentration indicated that sorption interaction between the aqueous
contaminant and the dissolving mineral substrate eventually led to saturation of the
number of available sites for further sorption. The behavior of SO42- in the outlet solution
showed decrease in concentrations at the later pore volumes (around 120 Pv) compared to
that at the earlier pore volumes. Also, a significant change in the effluent CrO42concentration was observed during the early and later stages of reactions. While CrO42was absent or showed lower concentration during early pore volumes, effluent CrO42reached ~ the inlet solution concentration as the reaction proceeded. The behavior of the
SO42- - CrO42- concentrations in outlet solutions indicates probable relationship between
CrO42- and SO42- in the reacting system. As shown by the graphical representation (Figure
5.14), during the early stages of reaction (early pore volumes) amount of liberated SO42(aq) from barite dissolution being comparatively more than that at the later pore volumes
suggests that plausibly the fluid-solid intereaction occurred by the process of ionexchange. This allowed sorption of CrO42- (aq) to occur more readily onto the barite
surfaces during this early stage of reaction (evident from none or lower concentrations of
CrO42- in outlet solutions) and as CrO42- (aq) sorbed to the barite surface, the interactive
process led to a reduction in the number of available sorption sites with time. The
mechanism of sorption eventually passivated the reactive sites on the dissolving mineral
surface thus inhibiting barite dissolution and lowering the amounts of liberated SO42- in
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solution. As a result, sorption of CrO42- (aq) got affected as expressed by the enhanced
CrO42- concentrations during the later stages of reaction. Thus observation from this
experiment implies that under the conditions of continuous flow of CrO42- containing
solution (at a flow rate of 0.8 mL/min), the coupled dissolution-sorption interaction was
governed by the anion-exchange mechanism (between SO42- and CrO42-) and the reaction
proceeded till reached a condition of steady state in the reacting system.
This interesting observation might help us to estimate how much of the reactive
substrate would be required to prevent plume movement beyond the barrier for a
specified length of time in a real scenario under a typical Darcy flux in groundwater. A
hypothetical scenario is developed below on the basis of experimental observation in
Figure 5.14 at a typical groundwater velocity (vx) of 33.8 m /year in Sparkling Lake,
Wisconsin (Lodge et al., 1989).

Calculation I

From the experiment represented by Figure 5.14, at a flow rate (Q) of 0.8ml/min
(i.e. 0.8 cc/min), 1 µM CrO42- (aq) was retained for a specified length of time (~ 50 pore
volumes (Pv)) while moving past the barite barrier of surface area (A) = (10.8g x 119
sq.cm /g) = 1285.2 sq cm. Here 10.8 g is the mass of powdered barite used in the
experiment and 119.sq cm represents geometric surface area of barite per unit mass (g).
Thus for this experiment, Darcy flux (q) is

Q / A = (0.8 cc/min /1285.2 sq.cm2) ≈ 3.3 m/year
and the linear velocity (vx) is
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q/ η = (3.3 m/year/0.5) = 6.6 m/year
where η = the porosity of the solid material = 0.5.
Now, Pv = (vx x t)/L where t is the time (year) and L is the length along the flow
path (m).
In the experiment Pv = 50, vx = 6.6 m/year and L = 13.5 cm = 0.135 m.
Therefore the time (t) for which the chromate plume was delayed to breakthrough
is:
(Pv x L)/ vx = (50 x 0.135 m)/ 6.6 m/year = 1.0 year

If we assume a hypothetical scenario where vx = 33.8 m/year (real value), we can
estimate the surface area of barite barrier required to prevent the movement of 1µM
chromate plume beyond the barrier for ~ 1.0 year.
From the experiment we know that at a velocity (vx) of 6.6 m/year, a barite barrier
of surface area 1285.2 sq.cm could retain 1 µM aqueous chromate for ~ 1 year.
Therefore, when vx = 33.8 m/year (hypothetical scenario), the surface area (A)
would be
((1285.2 sq.cm x 33.8 m/year)/( 6.6 m/year)) = 6582 sq.cm
Now since 119 sq.cm ≡ 1g of barite powder, therefore in this scenario, the amount
of barite needed to retain chromate breakthrough for ~ 1 year beyond the reactive barrier
would be
= ((1g x 6582 sq.cm)/(119.0 sq.cm)) ≈ 55 g

Calculation II
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From the experiment represented by Figure 5.14, ‘capacity’of barite
(mg g-1)dry weight to retain chromate has been calculated as follows:
As observed from the graph, injected chromate got retained by the solid surfaces
till ~ 120 pore volumes (Pv).
Till 120 Pv, total aqueous CrO42- injected = 0.0001 M
≈ 0.0000004 moles
Till 120 Pv, total aqueous CrO42- eluted = 0.00006 M
≈ 0.0000001 moles
Therefore amount of CrO42- retained = (0.0000004 - 0.0000001) moles
= 0.0000003 moles
Molecular weight of CrO42- is 115.996 g mole-1
So, 0.0000003 moles of CrO42- = ((115.996/1)* 0.0000003) = 0.00003 g
= 0.03 mg

Now, a mass of 10.8 g of barite powder was used in the experiment.
So, capacity of barite powder to retain CrO42- = (0.03 mg / 10.8 g) ≈ 0.003 mg g-1
However, the capacity calculated here is not corrected for the dry mass of the
solid used.
Hence it can be said that ‘capacity’ of barite for aqueous CrO42- as obtained from
the experiment represented by the graph in Figure 5.14 is 0.003 mg g-1 (not corrected for
dry weight).
Thus results from the plug flow reactor experiments establish the potential of
barite water interfaces to retain aqueous CrO42- in natural systems. However, to learn
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more about the the retention mecahnism or sorption processes, future studies could be
extended to be performed by analyzing the reactor inlet and outlet solutions for other
aqueous ions (Ba2+, Ca2+, Pb2+, Cl-, SO42-) in addition to aqueous CrO42- concentrations.
Also, as obtained from the powder mineral analysis, barite used for the experiments in
this study contains impurity ions (Sr, Mg, Pb, Ca), the most significant being Pb (~
0.6%). This implies that the results from both microscopic and macroscopic experiments
in this study account for the associated impurities in the solid material used. Therefore, to
be able to assess the errors (if any) linked with the results based on these impurities in the
reacting system; future experiments should be done on fairly pure mineral systems. Since,
natural minerals are rarely pure, synthetic powders crystallized from pure reagents could
be used for experiments to explore the differences (if any) between the kinetics of pure
and impure mineral substrates. Comparative studies from these systems would enable us
to understand the broader spectrum of mineral reactivity and assess the kinetics under
different conditions.
Another important aspect to be addressed from these experiments is regarding the
content of lead in the reactive material. As obtained from the impurity ion analysis, the
barite sample used in this study contained about 0.6% lead. This is rather significant
indicating that composition of barite should be taken into consideration while to be used
for practical application purposes. If Pb is present in the form of PbSO4 (anglesite), it’s
solubility product (Ksp) being 1.4 x 10-8 at 25°C (Azabou et al., 2005) will lead to a
release of ~ 0.0001 M Pb2+ ( ~ 20.7 mg/L) during the dissolution of the mineral at
equilibrium. This concentration is greater than the USEPA’s action limit for Pb (0.015
ml/L) (Patch et al., 1998). Therefore if significant amount of Pb is present as PbSO4 in
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the barite to be used for aqueous CrO42- cleaning purposes, that could pose considerable
environmental concern. Thus the barite powder to be used for chromate cleaning in
natural waters should be well assessed for its composition before actual application in
contaminant treatment purposes. Nevertheless, besides the impurity concern of natural
barite powder if containing any trace metal of potential concern or not, dissolution of
barite could be of special importance being able to retain aqueous CrO42- under
conditions of oxidizing environments. Also, if other problem metals (viz. Pb, Zn, Cu) are
present in the aqueous system, release of sulfate from barite dissolution might lead to the
formation of hydrated sulfate salts of copper and zinc while lead and sulfate might lead to
precipitation of PbSO4. Thus presence of barite might be effective for contaminants other
than aqueous CrO42- if remediation is needed. Also, if Pb2+, Zn2+, Cu2+ are present
together with aqueous CrO42-, displacement of the ions by barite in the aqueous system
would be more likely for less soluble BaCrO4 (Ksp = 2.14 x 10-10) (Fernandez-Gonzalez
et al., 1999) follwed by PbSO4 (Ksp = 1.62 x 10-8) (Azabou et al., 2005) phases than for
the hydrated salts zinc and copper which are highly soluble. However, the potential of
barite dissolution to be effective on these remedition mechanisms would largely depend
upon a number of other factors like pH, temperature, redox conditions, conductivity
salinity, dissolved organic carbon (DOC), total organic carbon (TOC), contaminant
concentration in the reacting system. Therefore, to be able to extend the results of
laboratory 1D barite column experiments of chromate retention to field scale remediation
application, intermediate scale experiments (2D/3D) should be carried out in continuous
flow replica aquifer systems characterizing the reactivity process accounting for other
controlling parameters (viz. pH, temperature, DOC/TOC). Thus implementation of
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barite-chromate sorption approach in the remediation field would need further studies
incorporating influences of other physical and chemical factors in the reactive systems.

5.7 SUMMARY

The results from the present study manifest insights into the role of aqueous
chromate adsorption on barite dissolution rates, as well as the potential of chromate
sorption processes for the treatment of contaminated waters. Laboratory experiments by
AFM and in MFR and PFR systems provide a representative interaction phenomenon
between the barite surfaces and aqueous chromate. The application of Langmuir-Volmer
rate expression on the substrate dissolution rates as function of aqueous chromate
concentrations (obtained from both AFM and MFR experiments) relates to a reversible
adsorption mechanism controlling the substrate dissolution and additive sorption
interaction. Thus adsorption of chromate onto the surface reactive sites on barite strongly
inhibits mineral dissolution thus affecting the reaction rates. Transport of chromate in
polluted waters is likely to be controlled by the presence of barite is also evidenced from
the transport controlled PFR experiments. Hydrodynamic characteristics (flow rate
dependence) predominantly rule the barite-chromate interaction affecting the solute
residence / retention time. Results from a continuous flow PFR experiment also largely
reflected the impact of powdered barite on chromate control processes. The efficiency of
barite in retaining aqueous chromate as evidenced in the laboratory studies indicates that
barite can plausibly be a means to efficiently clean chromate contaminated natural waste
waters.
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6. Conclusions and Future Studies

The present research focused on understanding the dissolution kinetics of a sulfate
mineral: celestite, under conditions of single experimental variables viz. solution
saturation state and solute non-stoichiometry (Chapters 3 and 4 respectively). Besides,
the research also focused on studying the dissolution kinetics of another sulfate viz.
barite, in absence and presence of aqueous chromate. This study was done to understand
the impact of chromate on substrate reaction rates as well as to evaluate the extent of
chromate retention potential by powdered barite under pulse or continuous flow
conditions (Chapter 5). Thus data collections were used primarily to understand the
fundamental controls of experimental conditions on sulfate dissolution kinetics and also
to predict possible application of the dissolution of a sulfate in remediation of an
environmental pollutant.
It is worth mentioning that dissolution and precipitation of minerals in natural
systems actually involve complex physicochemical processes under combinations of
different physicochemical conditions (eg. pH, temperature, organic inhibitors/promoters,
solution ionic strength, solution saturation state) that contribute to the overall
geochemistry. However, all experiments in the present study were carried out isolating
single experimental variables in order to improve the understanding of reaction processes
at sulfate water interfaces performed in simple reactive systems. The kinetic informations
on the studied sulfates from these relatively simple experimental configurations will
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eventually allow us to extend laboratory experiments designed under relatively complex
conditions. In light of the experiments carried out in simple systems regarding reactions
at the sulfate mineral-water interfaces, the following recommendations are made for
future work.

(1) As evidenced from celestite and barite dissolution experiments, reaction rates
were non-linear with respect to solution saturation states. This interesting observation
suggests expanding studies; combining saturation states with other parameters like pH,
ionic strength, solute nonstoichiometry to be able to define kinetic relationship as a
function of saturation state over a wide range of experimental conditions. Experiments
should be performed by microscopic (AFM experiments) as well as macroscopic
approaches (powder experiments).

(2) Similar experiments can also be extended to be performed on dissolution of
silicate minerals comprising ~ 90% of the earths crust.

(3) Future studies should be carried out on celestite growth mechanism at
different conditions of solute nonstoichiometry to understand the mineral reactivity in
supersaturated solutions. These studies might aid us to be able to link the mineral
reactivity impact on morphologies of organisms (eg. acantharia) composed of celestite.
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(4) To extend studies on aqueous chromate retention in presence of barite, future
investigations should be done coupling changes in experimental variables like pH,
solution ionic strength together with chromate concentration, as well as fluid flow rate.

(5) Since aqueous chromate has been found to effectively reduce barite substrate
dissolution rates, it indicates availability of reactive sites is necessary for chromate
sorption and hence retention. Thus future experiments should be performed under
conditions of continuous flow of aqueous chromate bearing solutions in column reactors
as functions of both chromate concentration as well as the mass of reactive mineral.

(6) Barite, a very important sulfate mineral was used to evaluate aqueous
chromate retention in this study. Also, a prior study by Prieto et al (2002) showed that
sorption of CrO42- was very effective on barite beds compared to that on quartz when
experiments were done in beds of barite and quartz in silica hydrogel. However, it would
be interesting to carry out future studies investigating chromate retention in environments
of mixed mineral substrates (viz. barite and silicates) to see the potential impact.

(7) Prior to field tests, plug flow column studies should be done in the laboratories
with real field core samples. Experiments should also be done to understand the reaction
processes and kinetics under varying conditions of controlling variables. To extend the
results of laboratory 1D barite column experiments of chromate retention to field scale
application, also intermediate scale experiments (2D/3D) should be carried out in
continuous flow replica aquifer systems.
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APPENDIX A

Figure A.1: Barium analysis by Ion Chromatograph (IC) (a) Barium-Solution Blank (b)
Barium – Standard 0.1 ppm ≈ 0.7 uM (c) Barium – Standard 0.2 ppm ≈ 1.5 uM (d)
Barium Standard – 0.3 ppm ≈ 2.2 uM (e) Barium Standard – 0.5 ppm ≈ 3.6 uM (f)
Barium Standard – 0.8 ppm ≈ 5.8 uM (g) Barium Standard – 1.0 ppm ≈ 7.3 uM (h)
Barium Standard – 5.0 ppm ≈ 36.4 uM (i) Barium Standard Calibration Curve (j) IC
Reproducibility for Ba Analysis: Chromatograms of same sample from different analysis
Sample 1- Analysis A (k) IC Reproducibility for Ba Analysis: Chromatograms of same
sample from different analysis Sample 1- Analysis B (l) IC Reproducibility for Ba
Analysis: Chromatograms of same sample from different analysis Sample 2- Analysis A
(m) IC Reproducibility for Ba Analysis: Chromatograms of same sample from different
analysis Sample 2- Analysis B (n) IC Reproducibility for Ba Analysis: Chromatograms of
same sample from different analysis Sample 3- Analysis A (o) IC Reproducibility for Ba
Analysis: Chromatograms of same sample from different analysis Sample 3- Analysis B
(p) IC Reproducibility for Ba Analysis: Chromatograms of same sample from different
analysis Sample 4- Analysis A (q) IC Reproducibility for Ba Analysis: Chromatograms
of same sample from different analysis Sample 4- Analysis B

214

(a)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:
No.

Blank
unknown
Cations HI Flow
13.11.07 14:46

Time
min

Peak Name

Type

TOTAL:

400,000 CAT ION SB 111307E #1
nS

Area
nS*min
0.00

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

1.0000
n.a.

Height
nS
0.00

Amount
Ppm
0.00

Blank

ECD_1

350,000

300,000

250,000

200,000

150,000

100,000

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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10.0

12.0

14.0

17.0

(b)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:
No.

Std 1
standard
Cations HI Flow
13.11.07 15:04

Time
min
13.17

1

Peak Name

Type

Ba

BMB
TOTAL:

400,000 CAT ION SB 111307E #2
nS

Area
nS*min
9.074
9.07

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

1.0000
n.a.

Height
nS
16.590
16.59

Amount
ppm
0.1153
0.12

Std 1

ECD_1

350,000

300,000

250,000

200,000

150,000

1 - Ba - 13.170

100,000

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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10.0

12.0

14.0
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(c)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:
No.
1

Time
min
13.17

Std 2
standard
Cations HI Flow
13.11.07 15:22

Peak Name

Type

Ba

BMB
TOTAL:

400,000 CAT ION SB 111307E #3
nS

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

Area
nS*min
16.062
16.06

1.0000
n.a.

Height
nS
29.140
29.14

Amount
ppm
0.2041
0.20

Std 2

ECD_1

350,000

300,000

250,000

200,000

150,000

1 - Ba - 13.170

100,000

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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10.0

12.0

14.0

17.0

(d)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:
No.
1

Time
min
13.17

Std 3
standard
Cations HI Flow
13.11.07 15:40

Peak Name

Type

Ba

BMB
TOTAL:

400,000 CAT ION SB 111307E #4
nS

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

Area
nS*min
24.284
24.28

1.0000
n.a.

Height
nS
43.970
43.97

Amount
Ppm
0.3086
0.31

Std 3

ECD_1

350,000

300,000

250,000

200,000

150,000

1 - Ba - 13.167

100,000

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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(e)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:
No.
1

Time
min
13.16

Std 4
standard
Cations HI Flow
13.11.07 15:58

Peak Name

Type

Ba

BMB
TOTAL:

400,000 CAT ION SB 111307E #5
nS

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

Area
nS*min
40.394
40.39

1.0000
n.a.

Height
nS
72.910
72.91

Amount
Ppm
0.5134
0.51

Std 4

ECD_1

350,000

300,000

250,000

200,000

150,000

1 - Ba - 13.160

100,000

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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12.0
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(f)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:
No.
1

Time
min
13.15

Std 5
standard
Cations HI Flow
13.11.07 16:16

Peak Name

Type

Ba

BMB
TOTAL:

400,000 CAT ION SB 111307E #6
nS

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

Area
nS*min
61.782
61.78

1.0000
n.a.

Height
nS
111.510
111.51

Amount
ppm
0.7852
0.79

Std 5

ECD_1

350,000

300,000

250,000

200,000

150,000

1 - Ba - 13.153

100,000

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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10.0

12.0

14.0
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(g)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:
No.
1

Time
min
13.14

Std 6
standard
Cations HI Flow
13.11.07 16:34

Peak Name

Type

Ba

BMB
TOTAL:

400,000 CAT ION SB 111307E #7
nS

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

Area
nS*min
80.148
80.15

1.0000
n.a.

Height
nS
144.040
144.04

Amount
ppm
1.0186
1.02

Std 6

ECD_1

350,000

300,000

250,000

200,000

150,000

1 - Ba - 13.143

100,000

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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10.0

12.0

14.0

17.0

(h)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:
No.
1

Time
min
13.09

Std 7
standard
Cations HI Flow
13.11.07 16:52

Peak Name

Type

Ba

BMB
TOTAL:

400,000 CAT ION SB 111307E #8
nS

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

Area
nS*min
393.128
393.13

1.0000
n.a.

Height
nS
702.650
702.65

Amount
ppm
4.9963
5.00

Std 7

ECD_1

350,000

300,000

250,000

200,000

150,000

1 - Ba - 13.087

100,000

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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12.0

14.0

17.0

(i)

y = 78.62x
R2 = 1
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(j)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:

1

unknown
Cations HI Flow
13.11.07 18:31

Time
min
13.13

Peak Name

Type

Ba

BMB
TOTAL:

350,000 CAT ION SB 111307E #11
nS

Area
nS*min
105.771
105.77

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

1.0000
n.a.

Height
nS
190.840
190.84

Amount
ppm
1.3443
1.34

Sample 3RB3

ECD_1

300,000

250,000

200,000

150,000

100,000

1 - Ba - 13.133

No.

Sample 3RB3

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0

224

10.0

12.0

14.0

17.0

(k)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:

1

unknown
Cations HI Flow
13.11.07 18:49

Time
min
13.13

Peak Name

Type

Ba

BMB
TOTAL:

350,000 CAT ION SB 111307E #12
nS

Area
nS*min
105.769
105.77

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

1.0000
n.a.

Height
nS
190.820
190.82

Amount
ppm
1.3442
1.34

Sample 4RB4

ECD_1

300,000

250,000

200,000

150,000

100,000

1 - Ba - 13.130

No.

Sample 4RB4

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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12.0

14.0
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(l)
Sample Name:

Sample 1RA3a

Sample Type:
Program:

unknown
Cations HI Flow

Inj. Date/Time:

14.11.07 13:56

No.

Time

Peak Name

Type

min
13.16

Ba

BMB
TOTAL:

350,000 CAT ION SB 111407 #9
nS

25.0

Operator:

n.a.

Run Time:

17.00

1.0000

Area

Height

Amount

nS*min

nS

ppm

97.696

176.330

1.2416

97.70

176.33

1.24

Sample 1RA3a

ECD_1

300,000

250,000

200,000

150,000

100,000

1 - Ba - 13.164

1

Inj. Vol.:
Dilution
Factor:

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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10.0

12.0

14.0

17.0

(m)

Sample Name:

Sample 2RA3b

Sample Type:
Program:

unknown
Cations HI Flow

Inj. Date/Time:

14.11.07 14:14

No.

Time

Peak Name

Type

min
13.17

Ba

BMB
TOTAL:

350,000 CAT ION SB 111407 #10
nS

25.0

Operator:

n.a.

Run Time:

17.00

1.0000

Area

Height

Amount

nS*min

nS

ppm

97.696

176.510

1.2416

97.70

176.51

1.24

Sample 2RA3b

ECD_1

300,000

250,000

200,000

150,000

100,000

1 - Ba - 13.167

1

Inj. Vol.:
Dilution
Factor:

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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12.0

14.0
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(n)
Sample Name:

Sample 3RB3a

Sample Type:
Program:

unknown
Cations HI Flow

Inj. Date/Time:

14.11.07 14:32

No.

Time

Peak Name

Type

min
13.17

Ba

BMB
TOTAL:

350,000 CAT ION SB 111407 #11
nS

25.0

Operator:

n.a.

Run Time:

17.00

1.0000

Area

Height

Amount

nS*min

nS

ppm

94.069

169.750

1.1955

94.07

169.75

1.20

Sample 3RB3a

ECD_1

300,000

250,000

200,000

150,000

100,000

1 - Ba - 13.167

1

Inj. Vol.:
Dilution
Factor:

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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(o)
Sample
Name:
Sample
Type:
Program:
Inj.
Date/Time:

1

unknown
Cations HI Flow
14.11.07 14:50

Time
min
13.16

Peak Name

Type

Ba

BMB
TOTAL:

350,000 CAT ION SB 111407 #12
nS

Area
nS*min
103.463
103.46

Inj. Vol.:
Dilution
Factor:
Operator:

25.0

Run Time:

17.00

1.0000
n.a.

Height
nS
186.340
186.34

Amount
ppm
1.3149
1.31

Sample 4RB3b

ECD_1

300,000

250,000

200,000

150,000

100,000

1 - Ba - 13.163

No.

Sample 4RB3b

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0
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12.0

14.0

17.0

(p)
Sample Name:

Sample 5RA4a

Sample Type:
Program:

unknown
Cations HI Flow

Inj. Date/Time:

14.11.07 15:08

No.

Time

Peak Name

Type

min
13.16

Ba

BMB
TOTAL:

350,000 CAT ION SB 111407 #13
nS

25.0

Operator:

n.a.

Run Time:

17.00

1.0000

Area

Height

Amount

nS*min

nS

ppm

96.367

173.060

1.2247

96.37

173.06

1.22

Sample 5RA4a

ECD_1

300,000

250,000

200,000

150,000

100,000

1 - Ba - 13.164

1

Inj. Vol.:
Dilution
Factor:

50,000

0

-50,000
0.0

min
2.0

4.0

6.0

8.0

230

10.0

12.0

14.0

17.0

(q)
Sample Name:

Sample 6RA4b

Sample Type:
Program:

unknown
Cations HI Flow

Inj. Date/Time:

14.11.07 15:26

No.

Time

Peak Name

Type

min
13.17

Ba

BMB
TOTAL:

350,000 CAT ION SB 111407 #14
nS

25.0

Operator:

n.a.

Run Time:

17.00

1.0000

Area

Height

Amount

nS*min

nS

ppm

85.825

154.240

1.0908

85.83

154.24

1.09

Sample 6RA4b

ECD_1

300,000

250,000

200,000

150,000

100,000

1 - Ba - 13.167
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Figure A.2: Sulfate analysis by Ion Chromatograph (IC) (a) Sulfate Solution Blank (b)
Sulfate- Standard 0.05 ppm ≈ 0.5 uM (c) Sulfate- Standard 0.1 ppm ≈ 1.0 uM (d) SulfateStandard 0.5 ppm ≈ 5.2 uM (e) Sulfate- Standard 0.8ppm ≈ 8.3 uM (f) Sulfate- Standard
1.0 ppm ≈ 10.4 uM (g) Sulfate- Standard 5.0 ppm ≈ 52.1 uM (h) Sulfate Standard
Calibration Curve (0.05-1 ppm) (i) Sulfate Standard Calibration Curve (0.1 -5.0 ppm) (j)
IC Reproducibility for SO42- Analysis: Chromatograms of same sample from different
analysis Sample 1- Analysis A (k) IC Reproducibility for SO42- Analysis:Chromatograms
of same sample from different analysis Sample 1- Analysis B (l) IC Reproducibility for
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(a)
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Sample
Type:
Program:
Inj.
Date/Time:

15.11.07 13:02

Time
min
4.82
11.87

Peak Name

Type

chloride
sulfate
TOTAL:

25,000 ANION SB 111507 #1
nS
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nS*min
79865.739
32.272
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Inj. Vol.:
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Factor:
Operator:
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(b)
Sample
Name:
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28.06.07 11:58
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sulfate
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79815.745
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14.00
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(c)
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15.11.07 13:17

No.

Time

Peak Name

Type

min

Inj. Vol.:
Dilution
Factor:

25.0

Operator:

n.a.

Run Time:

14.00

1.0000

Area

Height

Amount

nS*min

nS

ppm

1

4.82

chloride

BMB

80603.261

422805.069

n.a.

3

11.87

sulfate

BMB

40.431

133.860

0.1033

80643.69

422938.93

0.10

TOTAL:

Std 1

chloride

25,000 ANION SB 111507 #2
nS

ECD_1

22,500

20,000

17,500

15,000

12,500

10,000

7,500

2,500

sulfate

2 - 7.540

5,000

0

-2,500
0.0

min
2.0

4.0

6.0

8.0

235

10.0

12.0

14.0

(d)
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Date/Time:
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(e)
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(f)
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(g)
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(h)

(i)
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(j)

Sample
Name:
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Type:
Program:
Inj.
Date/Time:

15.11.07 15:02

Peak Name

Type

chloride
sulfate
TOTAL:
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25,000 ANION SB 111507A #7
nS
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(k)
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(m)
Sample
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Inj.
Date/Time:
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Figure A.3: Absorbance vs wavelength curves for CrO42-analysis by Spectrometer (a)
CrO42- - Solution Blank (Absorbance at 542 nm = 0) (b) CrO42- - 0.03mM (Absorbance at
542 nm = 1.223) (c) CrO42- Standard Calibration Curves (Standards: 0.5uM – 0.003mM)
(d) CrO42- Standard Calibration Curves (Standards: 0.003mM-0.05mM)
(a)

(b)
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(c)

(d)
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FigureA.4: Standard Calibration Curves from AES Analysis (a) Barium Calibration
Curve (b) Iron Calibration Curve (c) Manganese Calibration Curve (d) Strontium
Calibration Curve
(a)

(b)
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APPENDIX B

Barite dissolution as a function of fluid flow rate in a column reactor system
An experiment was performed in a Teflon tube column filled with barite powder
to study the effect of fluid flow rate on barite dissolution at ~ 25°C (maintained in a water
bath). The tube was sealed at two ends (with plastic fittings) connected with an inlet and
outlet tubing respectively. Introduction and exit of experimental solutions to and from the
column took place through 0.2 µm nitrocellulose filter membranes. The column was 8 cm
long with an inner diameter of 0.16 cm and was filled with powdered barite of mass (M)
approximately 0.4 g. The particles had an average size of 112 µm and the mass
normalized geometric surface area (A) was ~ 119 cm2 g-1. The column was connected to
a Masterflex Cole Parmer cartridge pump which controlled the flow to the system. To
determine the impact of solution flow rate on effluent solute concentration (co) ([SO42-] or
[Ba2+]) and substrate dissolution rates (rd), an experiment was conducted at different flow
rates (Q) (mL s-1).The experimental solution used was deionized water adjusted with
NaCl (0.01 M) as background electrolyte and pH ~ 8.4. The reactive solution was
continuously flowed into the reactor and change of flow rates was done after about an
hour being at each flow condition. Experiment was performed starting with the highest
flow rate and moving towards the low flow conditions. Dissolution rates (rd) were
calculated at different flow conditions according to the expression below:
rd = Q x (co – ci ) / (M x A)
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(1)

In equation (1), Q is the flow rate (ml s-1), co and ci are the effluent and influent solute
concentrations (mol L-1), M is the mass of barite powder and A is the mass normalized
geometric surface area (cm2 g-1).

Results & Discussion
Figure B.1 shows the effect of fluid flow rate on the effluent SO42concentrations and the dissolution rates (rd). The data set shows an increasing trend of
effluent SO42- concentration and dissolution reaction rates with decreasing fluid flow
rates. The inlet sulfate concentration (ci) (here not detectable), mass of powder (M) and
reactive surface area (A) remaining constant, the dissolution rates are proportional to the
product of effluent sulfate concentration (co) and flow rate (Q) (White and Brantley,
2003). The effluent sulfate concentrations in terms of flow rates reflect the impact of
residence time resulting in increased solute concentrations with decreased fluid flow
rates. Similar observations were obtained on effluent Na concentration as a function of
flow rate from granite dissolution experiments in column reactors (White and Brantley,
2003).
Effluent solute concentration is inversely related to fluid flow rates and hence
directly proportional to the residence time or the distance traveled. This relationship is
also evident from Figures B.2 and B.3 depicting the linear and nonlinear model
predictions for barite dissolution at a fixed flow condition. Both the model graphs show
decrease in effluent solute concentrations (Q/K)1/2 and saturation states (log (Q/K)) at
conditions of less distance traveled i.e. under conditions of smaller residence times. The
dissolution rate modeling was done by Kevin Knauss of Livermore National laboratory
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(personal communication). Comparing the data set in Figure B.1, with the model
predictions in Figures B.2 and B.3, increase in solute concentration ([SO42-]) with
decreasing flow rate indicates lower saturation states at higher flow rates. However,
experimentally obtained dissolution rates according to Eqn (1) shows a reverse trend in
terms of solution saturation states. This can be attributed to the indirect relationship
between flow rate (Q) and solute concentration (co) and also not accounting for changes
in the surface area (A) during reactions at different flow rates. Surface area, being an
intrinsic property controlling mineral weathering rates (White and Brantley, 2003) is
inversely proportional to mineral dissolution rates. If longer fluid solid contact (lower
flow rates) leads to increase in exposed surface area that would essentially decrease the
mineral reaction rates. However, the barite dissolution rates from the present experiment
do not account for any changes (if any) in the surface area of the powdered barite in the
column reactor and calculations are based on the initial reactive geometric surface area of
the mass of mineral used. Therefore, though the solute concentrations (nonlinear increase
with decreasing flow rates) in the effluent solutions show somewhat transport control
effect; dissolution rates, being related to the inverse relationship between flow rate and
effluent solute concentration (White and Brantley, 2003) do not actually define any
definite transport control behavior. Column studies on granite (White and Brantley, 2003)
also did not show any transport control on relatively consistent reaction rates indicating
effluent solutions being remained undersaturated at all conditions. Future studies on more
mineral dissolution experiments in column reactors could aid a better understanding of
the transport controlled mineral reactivities.
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Figure B.1: Graph showing effluent SO42- concentrations and barite dissolution
rates as functions of fluid flow rates
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Figure B.2: Graph showing model predicted linear relationship between effluent
solute concentration (Q/K)1/2 and saturation state (log Q/K) as functions of travel
distance or residence time
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Figure B.3: Graph showing model predicted non-linear relationship between
effluent solute concentration (Q/K)1/2 and saturation state (log Q/K) as functions of
travel distance or residence time
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